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ABSTRACT 
In many species, males and females display differences in many social behaviors 
including copulation. These sex differences, or sexual dimorphisms, of behavior often 
occur in parallel with differences in brain structure.  The medial preoptic area (MPOA) of 
the hypothalamus, for example, displays morphological sex differences and is critical for 
the display of male typical mating behavior, within various species.  However, the 
mechanisms which underlie these sexual dimorphisms are still largely unknown.  A 
specific nucleus in the MPOA of the Syrian hamster, known as the magnocellular 
division of the medial preoptic nucleus (MPN mag) is known to play a critical role in the 
display of male typical copulatory behavior.  The MPN mag is located along the 
chemosensory pathway and is comprised of a high level of androgen and estrogen 
receptor containing cells which are stimulated by pheromonal cues.  This pheromone 
induced neuronal stimulation is both hormone- and sex-specific.  Recent studies 
investigating morphological factors contributing to this sexual dimorphism in the MPN 
mag reveal no known sex difference in the overall volume or number of neurons in the 
MPN mag.     
The experiments presented in this thesis further distinguish if there are sexual 
dimorphisms associated with the level of synaptic elements in the MPN mag.  The results 
indicate that gonadal steroids regulate the density and size of presynaptic vesicle pools 
within this nucleus.  Intact males have larger and more synaptic vesicle pools than 
females indicating a fundamental difference in the synaptic organization of the MPN 
mag.  The observed sexual dimorphism of synaptic connections between the anterior 
medial amygdala (MeA) and the MPN mag, as seen by an increased number and size of 
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presynaptic boutons, demonstrations an increased synaptic efficacy in males as compared 
to females, suggesting that gonadal steroids may be regulating pheromone-induced 
neuronal stimulation by regulating neural transmission in this nucleus.  The site of 
gonadal steroidal action on neural connectivity appears to act locally within the MPN 
mag, as the inhibition of gonadal steroid receptors in the MeA does regulate presynaptic 
bouton density or volume within the MPN mag itself.  These findings suggest that 
gonadal steroids may regulate postsynaptic elements within the MPN mag, which in turn 
influences the growth of presynaptic boutons; however the influence of presynaptic 
gonadal steroid receptors on synaptic plasticity cannot be ruled out.  The MPN mag 
represents a critical nucleus in the Syrian hamster for the regulation of male typical 
mating behavior. The following studies demonstrate that a sexual dimorphism exists in 
the density of presynaptic elements; these sex differences represent a possible mechanism 
underlying the sexually dimorphic display of copulatory behavior.   
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Chapter I 
Introduction 
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The males and females of most animal species display marked differences in 
many social behaviors, these sex differences or sexual dimorphisms can be observed 
through their displays of mating behaviors, aggression, and parental care (Breedlove 
1992; Neave, Menaged et al. 1999; Archer 2000; Lonstein and De Vries 2000).  Displays 
in copulatory behaviors are some of the most unambiguous of the sexually dimorphic 
behaviors.  Syrian hamsters explicitly exhibit dimorphic mating displays in which the 
female hamster assumes a motionless position of lordosis, while the male actively 
investigates the female’s anogenital area while engaging in a series of mounts, 
intromission, and ejaculation (Dewsbury 1972; Kow and Pfaff 1998).  Gonadal steroids 
are known to exert profound effects on the displays of these mating behaviors.  The levels 
of circulating gonadal hormones reflect an animal’s state of maturity, nutritional status, 
and stress levels (Bronson and Rissman 1986; Huhman, Moore et al. 1991; Foster and 
Nagatani 1999; Ebling and Cronin 2000) and sexual activity is only displayed when the 
internal hormonal milieu signifies that reproductive effort will prove successful (Noble 
and Alsum 1975). The expression of copulation in the male Syrian hamster not only 
relies on the presence of gonadal hormones but is also highly dependent on their exposure 
to external pheromonal signals which represents the presence of a sexually receptive 
female.  Syrian hamsters are thought to live alone in underground burrows, in the wild 
(Gattermann, Fritzsche et al. 2001) and successful copulation relies on the detection of 
estrous female pheromones (Nowak 1983; Johnston 1990).  Behavioral responses to the 
exposure to these female pheromone are both sex specific and influenced by the presence 
of gonadal steroids (Powers and Bergondy 1983; Albers and Prishkolnik 1992).  Since 
sex differences in behavior are often correlated with sex differences in brain morphology 
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(Nottebohm and Arnold 1976; Powers, Newman et al. 1987; De Jonge, Louwerse et al. 
1989; Cooke, Hegstrom et al. 1998), it is important to understand how the effects of 
chemosensory cues and gonadal hormones influence neural pathways associated with the 
expression of sexually dimorphic mating behaviors. 
 
Gonadal Steroids: An important humeral cue  
Early investigations of the sexually dimorphic effects of gonadal steroids on 
behavior focused on the presence or absence of sex hormones during development.  
These early studies laid the ground work for understanding the developmental 
mechanisms underlying the dimorphic displays of reproductive behavior (Breedlove 
1992; Archer 2000; Lonstein and De Vries 2000).  The sexually dimorphic behaviors of 
adults arise from sex differences in the structure and function of the brain, and these early 
studies demonstrated that neonatal gonadal hormones are critical in the organization of 
neural circuitry during development (Goy 1980; Arnold and Breedlove 1985; Arnold 
1998).  Male rodents castrated at birth will fail to display male typical behaviors even 
when treated with testosterone in adulthood and females treated with gonadal steroids at 
birth will display male typical mounting behavior when exposed to systemic testosterone 
in adulthood (Cooke, Hegstrom et al. 1998).  These findings demonstrate the 
masculinizing and feminizing effects of neonatal gonadal steroids on developing neural 
circuitry.    However, these regulatory effects of gonadal steroids do not only occur in the 
developing brain; as increasing bodies of evidence demonstrate, gonadal steroids also 
play a role in neuronal and synaptic plasticity in the adult brain as well.    
6 
 
Male reproductive behavior is critically dependent on circulating testosterone and 
its metabolites in adult male Syrian hamsters.  When the levels of circulating steroids are 
reduced either naturally by exposure to short-day photoperiods, which results in atrophied 
testes and accessory sex organs (Reiter, Sorrentino et al. 1970; Reiter 1972; Reiter and 
Sorrentino 1972) or by castration, mating behavior is abolished; whereas testosterone 
replacement in these males restores copulation thereby demonstrating that circulating 
testosterone is essential for maintaining sexual behavior in this species (Lisk and Bezier 
1980).  
The presence of gonadal steroids provides an integral signal to the brain about the 
internal state of reproductive readiness.  Testosterone concentrations increase within a 30 
minute time period, when male hamsters are presented with a receptive female (Macrides, 
Bartke et al. 1974; Pfeiffer and Johnston 1992).  The pheromonal cues from the receptive 
female stimulate the release of gonadotropin-releasing hormone (GnRH) from neurons in 
the hypothalamus, which in turn triggers the secretion of luteinizing hormone (LH) from 
the anterior pituitary gland (Nelson 2005).  This release of LH into the blood stream goes 
on to drive the testosterone secretion from the testes which in turn has a profound effect 
on the brain.  Gonadal steroids produce their effect on copulation by interacting directly 
with their specific receptors located within brain regions associated with the expression 
of reproductive behaviors.  The receptors for gonadal hormones are found throughout 
multiple regions of the brain, including the hypothalamus (Doherty and Sheridan 1981; 
Wood, Brabec et al. 1992; Wood and Newman 1993), which has been directly associated 
with the expression of many sexual dimorphic behaviors, including copulation (Newman 
1999).    A region within the hypothalamus, known as the medial preoptic area (MPOA), 
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is a critical site for the action of steroids on male mating behavior (Hull and Dominguez 
2007).  The MPOA is densely populated with androgen receptors (Wood and Williams 
2001) and gonadal steroids placed in this region restore mating in castrated animals 
(Coolen and Wood 1999), demonstrating that gonadal steroids not only play critical roles 
in neuronal development, but also influence neuronal circuitry in the adult brain 
(Nottebohm and Arnold 1976; Madeira and Lieberman 1995; Ball and MacDougall-
Shackleton 2001). 
Chemosensory cues: An indicator of female responsiveness 
Chemosensory cues are used by Syrian hamsters for social and reproductive 
communication.  Pheromones secreted by a receptive female, provide the external cue 
which signals the male that the female is in a state of estrus and therefore primed for 
reproduction.  These chemosignals are first detected by the olfactory mucosa (OM) and 
vomeronasal organ (VNO) which transmits the signals, via a highly conserved, 
multisynaptic chemosensory pathway to reach the medial preoptic area (MPOA).  Details 
of the pathway are presented schematically in Fig (1.1).  Briefly, the OM and VNO 
project to the main olfactory bulb (MOB) and the accessory olfactory bulb (AOB) 
respectively (Davis, Macrides et al. 1978; Wood and Coolen 1997).  Efferents from the 
MOB and AOB travel via separate routes to the medial cortical nuclei of the amygdala 
(Me) and the bed nucleus of the stria terminalis (BNST) which go on to send converging 
projections to the medial preoptic nucleus (MPN), an oval-shaped cluster of cells that lie 
in the lateral aspect of the caudal third of the MPOA (Swann, Wang et al. 2003; Wood 
and Swann 2005; Wang and Swann 2006).  Mating in rodents is extremely influenced by 
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olfactory stimuli, if males are made anosmic, either by inactivation of olfactory receptors 
or removal of the olfactory bulbs they will not copulate (Murphy and Schneider 1970; 
Morin and Zucker 1978). 
When adult male hamsters are exposed to estrous female hamster vaginal 
secretions (FHVS), which contain the female’s pheromones, cell groups within BNST, 
Me, and MPN express the immediate-early gene product Fos, indicating neuronal 
stimulation (Fiber and Swann 1996).  These same cell groups are also rich in steroid 
receptors suggesting that FHVS stimulates neurons in the brain regions that not only 
mediate chemosensory processing, but areas that integrate hormonal cues as well 
(Krieger, Morrell et al. 1976; Doherty and Sheridan 1981; Li, Blaustein et al. 1993; 
Wood and Newman 1993).  The importance of the integration between chemosensory 
and hormonal cues was demonstrated by Wood and Newman (1995) where central 
implants of testosterone were found to only elicit mating behavior in adult male hamsters 
when the ipsilateral olfactory bulb was intact.  Since the BNST, Me and the MPOA are 
critical nodes along the chemosensory pathway and contain high concentrations of steroid 
receptors, these nuclei have been implicated as sites for odor-hormone integration.   
Roles of the Medial Preoptic Area (MPOA), MPN mag, and Medial Amygdala 
Studies in various species have implicated the MPOA of the brain as a critical site 
for regulating male copulatory behavior.  Lesions of the MPOA eliminate or severely 
impair mating behavior in a wide variety of species (Slimp, Hart et al. 1978; Wheeler and 
Crews 1978; Hart and Ladewig 1979; Arnold and Gorski 1984; Commins and Yahr 
1984), and electrical or hormonal stimulation of this region can facilitate male sexual 
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behavior (Malsbury 1971; Christensen and Clemens 1974; Merari and Ginton 1975; Lisk 
and Bezier 1980).  In addition, intracranial steroid implantation into the MPOA of 
hamsters is known to restore sexual behavior in long-term castrates (Lisk and Bezier 
1980; Lisk and Greenwald 1983; Wood and Newman 1995).   The preoptic area is 
complex and has been subdivided into multiple nuclei in a variety of species.  Research 
has suggested that some or all of these nuclei may play a role in the expression of 
copulatory behavior (Simerly, Swanson et al. 1984; Maragos, Newman et al. 1989; Yahr 
and Gregory 1993).  Our research has focused on a small nucleus in the MPOA of 
hamsters identified as the magnocellular subdivision of the medial preoptic nucleus 
(MPN mag).  
The MPN mag was first described by Bleier et al (1982) as a part of a sexually 
dimorphic nucleus located in the anterior hypothalamus.  This nucleus was later named 
the MPN mag due to the identification of its clustering of neurons with large (10 – 14 µm 
in diameter) cell soma (Maragos, Newman et al. 1989).  The MPN mag is approximately 
250 µm in diameter extending ventromedially from the bed nucleus of the stria terminalis 
to the medial preoptic nucleus, and extends for about 150 µm along the rostral-caudal 
plane into the lateral part of the MPOA (Powers, Newman et al. 1987; Govek, Wang et 
al. 2003).  Behavioral studies investigating the effects of lesions centered in the MPN 
mag suggests that this nucleus plays a critical role in the regulation of copulation since 
the destruction of the MPN mag results in a suppression of copulatory behaviors in males 
(Powers, Newman et al. 1987; Wood and Newman 1995).  
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The expression of copulatory behavior requires the integration of gonadal and 
chemosensory cues.  The MPN mag is a likely site of hormonal and pheromonal 
integration since the chemosensory pathways converge on the MPN mag and this nucleus 
is rich in steroid receptor containing neurons (Wood and Newman 1993; Wood and 
Newman 1995).  Pheromonal exposure has been shown to induce neuronal stimulation of 
the MPN mag.  This pheromone-induced neuronal stimulation is both hormone- and sex-
specific (Powers and Bergondy 1983; Albers and Prishkolnik 1992; Fiber and Swann 
1996).  Fiber and Swann, report that pheromonal exposure stimulates neurons in the 
MPN mag of intact males and castrates treated with testosterone, but fails to stimulate 
cells in castrates and females (1996).  Following the detection of female pheromones 
intact males will go on to display copulatory behavior, although females and castrates can 
detect the pheromones this detection does not induce mating behavior (Scalia and Winans 
1975; Johnston 1977; Kevetter and Winans 1981; Wood, Brabec et al. 1992; Wood and 
Newman 1995; Fernandez-Fewell and Meredith 1998).  Pheromone-induced neuronal 
stimulation of MPN mag afferents (the OB, Me, and BNST), is unaffected by changes in 
the internal hormonal milieu or by sex (Scalia and Winans 1975 1978; Fiber and Swann 
1996; Frick, Fernandez et al. 2002), revealing that the MPN mag is the first nucleus along 
the chemosensory pathway to display this sexual dimorphism of pheromone induced 
neuronal stimulation.  Taken together these findings suggest that the organizational inputs 
to the MPN mag are sexually dimorphic and that castrated males and females fail to 
display male typical copulatory behavior because neurons specifically within the MPN 
mag are not stimulated when exposed to female pheromones. 
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The medial amygdaloid nucleus (Me) is also thought to be involved in the 
integration of odor-hormonal cues and plays an important role in the expression of male 
copulatory behavior.  Like the MPN mag the Me contains gonadal steroid receptors 
(Wood, Brabec et al. 1992) and is located along the chemosensory pathway.  Wood and 
Coolen (1997) demonstrated that microinjections of steroids into the medial amygdala are 
sufficient to restore mating behavior in castrated male hamsters, but only if the 
hemisphere receiving the hormone implant also has intact chemosensory input.  Fibers 
projecting from the AOB form the accessory olfactory tract (Kevetter and Winans 1981) 
which projects to several nuclei including the medial amygdala. (Scalia and Winans 
1975; Davis, Macrides et al. 1978).  The medial amygdala is comprised of anterior and 
posterior nuclei which have differential efferent projections (Gomez and Newman 1992; 
Canteras, Simerly et al. 1995) and have been suggested to regulate different functions 
related to reproductive behavior (Lehman, Rodin et al. 1991; Wood and Newman 1995).  
In hamsters, the anterior division of the medial amygdala (MeA) projects to the 
intermediate part of the posterior bed nucleus of the stria terminalis (pmBNSTi) and the 
lateral part of the MPOA, including the MPN mag, whereas the posterior division of the 
medial amygdala (MeP) projects to the medial division of these same nuclei, in addition 
there are heavy projections from the MeA to the MeP (Gomez and Newman 1992; 
Gardiner, Mead et al.).  Bilateral lesions of the MeA eliminate male hamster mating 
behavior and decrease anogential investigation time, where lesions of the MeP only alter 
the temporal sequence involved in mating behavior (Lehman, Powers et al. 1983).   
   The integrity of the MeA, specifically, is therefore critical for the expression of 
male copulatory behavior, and we suggest that lesions centered in this nucleus abolish 
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male mating behavior by disrupting the MeA-MPN mag pathway (Lehman, Winans et al. 
1980; Lehman and Winans 1982; Heimer and Alheid 1991).  
Neuronal correlates of Behavioral Dimorphisms 
  Steroid induced changes in behaviors generally occur in parallel with 
morphological changes, such as changes in the size, volume and synaptic connections, in 
certain nuclei of the brain (Nottebohm and Arnold 1976; Powers, Newman et al. 1987; 
De Jonge, Louwerse et al. 1989; McEwen and Woolley 1994; Cooke, Hegstrom et al. 
1998; Ball and MacDougall-Shackleton 2001).  While many factors can contribute to the 
expression of sexual dimorphic behaviors the simplest would be morphological changes 
in the number of synapses, thus leading to a decrease in synaptic efficacy.  Gonadal 
steroids have been shown to influence a variety of synaptic elements within various brain 
regions.  For example castration is to known to reduce dendritic length, branching, and 
spine density in the MeA of the Syrian hamster, additionally males have a greater number 
of shaft synapses than females demonstrating a sexual dimorphism of synaptic elements 
within this nucleus (Nishizuka and Arai 1981; Gomez and Newman 1991).   
Studies in various species have shown evidence of gonadal hormone dependent 
synaptic plasticity within the adult central nervous system.  In the adult songbird system 
dendritic length, dendritic number, nuclear volume, number of spines, number of 
synapses, and synaptic size are modified by changes in testosterone levels (DeVoogd and 
Nottebohm 1981; Canady, Burd et al. 1988).  Similar changes have been reported in 
female copulatory pathways of rats.  Studies of the ventromedial nucleus of the 
hypothalamus (VMH), a critical nucleus for female copulatory behavior, indicate that 
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gonadal steroids stimulate female sexual behavior by increasing synaptic connections 
within this nucleus (McEwen and Woolley 1994).  Additionally, dendritic length, the 
number of terminal branches and dendritic spine density in the VMH all increase during 
proestrous as compared to diestrous (when ovarian hormone levels are subsequently at 
their highest and lowest) (Frankfurt, Gould et al. 1990; Woolley, Gould et al. 1990; 
Madeira and Lieberman 1995; Calizo and Flanagan-Cato 2000; Calizo and Flanagan-
Cato 2002).  In addition these studies demonstrate that estrogen treatments levels during 
proestrus increases dendritic spine density on primary VMH neurons of females.    
Comparable studies demonstrating hormone-driven dendritic plasticity in 
adulthood have been performed in the hippocampus as well.  Estrogen regulates dendritic 
spines and synapses on pyramidal neurons in the hippocampus in the rat.  Ovariectomy 
results in a loss of spine and synapse density, which is restored by estrogen treatment 
(Gould, Woolley et al. 1990), these effects of estrogen, is also seen across the estrous 
cycle (Woolley, Gould et al. 1990; Woolley and McEwen 1992).  
Unanswered questions and current studies 
 Copulatory behavior is sexually dimorphic in nature and as differences in 
behavior often correlate with sex differences in neuronal morphology, it is not surprising 
that sexual dimorphisms have been found in brain regions associated with the expression 
of mating behavior.  For example, in the rat, a nucleus within the MPOA known as the 
sexually dimorphic nucleus (SDN) is larger in the male as compared to the female 
(Gorski, Gordon et al. 1978).  Many aspects of the birdsong neural circuit are sexually 
dimorphic as well.  In many avian species the volume of the nuclei involved in this 
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circuit are larger in males than in females, paralleling the male’s increased level and 
complexity of birdsong in order to attract mates (Nottebohm and Arnold 1976; Baker, 
Bottjer et al. 1984; Arnold, Bottjer et al. 1986; Kirn, Clower et al. 1989).  A sex 
difference is seen in the MPN mag of the Syrian hamster, in that pheromone-induced 
neuronal stimulation is only seen the male (Fiber and Swann 1996).  However, unlike the 
nuclei found in the rat or the songbird there is no known sex difference of the volume or 
neuronal density found in the MPN mag.  In chapter 2, I present studies that assess sexual 
dimorphisms on the level of synaptic density.  Studies investigating the effects of gonadal 
steroids at the synaptic level reveal that treatment with estrogen and testosterone 
increases pre-and post-synaptic proteins (syntaxin, synaptophysin and spinophilin) as 
well as synaptic density of neurons in the hippocampus of female rats (Choi, Romeo et al. 
2003; MacLusky, Hajszan et al. 2006; Griffin, Ferri-Kolwicz et al. 2010).  Gonadal 
steroid treatment has been found to increase levels of synaptophysin, a synaptic vesicle 
protein believed to play a role in transmitter secretion (Thomas and Betz 1990; Frick, 
Fernandez et al. 2002).  Synaptophysin levels have been shown to fluctuate across the 
female estrous cycle in rats (Crispino, Stone et al. 1999), further suggesting that synaptic 
vesicle densities can be regulated by gonadal steroid milieu in adults.  Findings discussed 
in chapter 2 show that there are sex differences in the number and size of synaptic vesicle 
pools (as identified by synaptophysin immunoreactivity), where males have larger sized 
and greater numbers of synaptophysin clusters than females. Additionally the presence of 
circulating testosterone is needed to maintain the integrity of the number and size of these 
vesicle pools in the males.  Increases in size of synaptic vesicle pools have been 
associated with a higher probability of synaptic vesicle release (Murthy, Sejnowski et al. 
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1997), therefore we suggest that the decreased level and size of synaptophysin labeled 
synaptic vesicle pools, in castrates and females implies a reduced synaptic connectivity 
within the MPN mag of these animals.   Overall these findings suggest gonadal steroidal 
regulation of synaptic density as a possible structural mechanism underlying the 
dimorphism seen in the pheromone-induced stimulation of neurons within this nucleus.    
Multiple nuclei project to the MPN mag, including the anterior medial amygdala 
(Wang and Swann 2006; Gardiner, Mead et al.).  The study presented in chapter 3 was 
designed to identify whether there is a sexual dimorphism associated specifically with the 
innervation of MeA axons into the MPN mag.   The effectiveness of neural circuits is 
anatomical defined by the structure and number of axons and dendrites comprising the 
synapse.   Gonadal steroids are known to induce and modify the structural composition of 
synaptic elements (Nishizuka and Arai 1981; Gomez and Newman 1991), we therefore 
hypothesized that gonadal hormones regulate synaptic connectivity within the MPN mag 
by influencing the number and size of presynaptic boutons on projections from the MeA.  
The results of this study indicate that a sexual dimorphism exists with not only the 
number of MeA presynaptic boutons in the MPN mag but with the overall size of the 
boutons as well.  The data from this study also demonstrates that testosterone 
differentially affects bouton subtypes.  En passant boutons are small varicosities located 
along axonal projections and typically contain small synaptic vesicle pools and few active 
zones whereas terminal end boutons are larger and located at the ends of axonal branches 
(De Paola, Holtmaat et al. 2006).  In this study, testosterone appears to selectively 
regulate the number of en passant boutons in males.  A direct effect of testosterone was 
also seen with terminal bouton size, as demonstrated by an increase in terminal bouton 
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volumes of ovariectomized females treated with testosterone.  Accumulating evidence 
indicates that bouton size is positively correlated with active zone and postsynaptic 
density size (Pierce and Lewin 1994; Harris and Sultan 1995; Schikorski and Stevens 
1997).  Overall the findings of this study suggests that a stronger synaptic connectivity 
exists in the male MeA – MPN mag circuitry as compared to females and that circulating 
testosterone is needed to maintain the overall size and number of the boutons in the male. 
The previous study discussed in chapter 3 demonstrated a sexual dimorphism in 
the number and sized of presynaptic boutons on projections from the MeA, innervating 
the MPN mag.   In chapter 4, I further elucidate the steroidal site of action generating this 
sex difference.  Long-term effects of gonadal hormones appear to be mediated through 
the genome.  Testosterone binding to receptor complexes within MeA cell bodies, would 
stimulate the protein synthesis machinery of the cell (Meisel and Pfaff 1985).  It is 
therefore possible that the genomic action of gonadal steroids may also stimulate the 
production of cytoskeletal elements or membrane components that contribute to synaptic 
plasticity, thereby resulting in the sex differences previously observed in presynaptic 
boutons.   However, gonadal steroids may instead influence the size and number of 
presynaptic boutons locally within the MPN mag.  It has been proposed that during 
development sexual dimorphisms are mediated by a growth factor produced in the target 
tissue and that steroids regulate neural survival by stimulating the production of these 
growth factors in the target areas that attract and support neuronal connections (Fishman 
and Breedlove 1988).  To determine whether the integrity of presynatic bouton number 
and size is dependent on steroid receptor actions in the MeA, we studied the effect of 
gonadal steroid antagonists, localized in the MeA, on the morphology of presynaptic 
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boutons within the MPN mag.  Our results demonstrated that the number and size of 
presynaptic boutons did not differ between hemispheres receiving the gonadal steroid 
antagonists and the control.  This suggests that a localized action of gonadal steroids 
support and maintain the synaptic connections, within the MPN mag.   We conclude from 
this study that the activation of gonadal steroids within the MeA is not needed in order to 
maintain the integrity of synaptic connections within the MPN mag.   
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Fig 1-1: Schematic diagram of the neural circuitry for the chemosensory pathway 
in the Syrian hamster. BNST, bed nucleus of the stria terminalis; Me, medial amygdala; 
MPN, medial preoptic nucleus; OB, olfactory bulb. Arrows indicating the direction of 
innervation. 
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Chapter II 
 
Steroidal regulation of synaptic density in the magnocellular division of the medial 
preoptic nucleus (MPN mag) of the Syrian Hamster (Mesocricetus auratus). 
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Introduction 
In many mammalian species, gonadal steroids play critical roles in neuronal 
development and greatly influence the fine tuning of neuronal circuitry in the adult brain.  
Gonadal steroids exert profound effects on motivated behaviors; the presence or absence 
of these hormones dramatically changes the expression of male and female aggression, 
reproduction, and parenting (Breedlove 1992; Neave, Menaged et al. 1999; Archer 2000; 
Lonstein and De Vries 2000).  One of the best characterized behaviors in rodents is 
copulation, which is critically dependent on circulating testosterone and its metabolites. 
In most mammals castration, which removes circulating gonadal steroids, abolishes 
copulation while treatment with testosterone restores it (Lisk and Bezier 1980; Hull and 
Dominguez 2007).  
The preoptic area is a critical site for the action of steroids on male mating behavior 
(Hull and Dominguez 2007).  Lesions in this region eliminate or severely impair 
copulation in a wide variety of animals.  The preoptic area is densely populated with 
androgen receptors (Wood, Brabec et al. 1992) and gonadal steroids placed in the 
preoptic area restore mating in castrated animals (Coolen and Wood 1999).  The preoptic 
area is complex and has been subdivided into many nuclei in a variety of species and 
research has suggested that some or all of these nuclei may play a role in copulatory 
behavior (Simerly, Swanson et al. 1984; Maragos, Newman et al. 1989; Yahr and 
Gregory 1993).  Research in the hamster suggests that a small nucleus in the Syrian 
hamster, the magnocellular subdivision of the medial preoptic nucleus (MPN mag), plays 
a critical role in male mating behavior, as revealed by the ablation of this nucleus 
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immediately and permanently eliminating mating behavior in this species (Powers, 
Newman et al. 1987; Swann, Wang et al. 2003).   
Hamsters are keenly dependent on chemosensory cues from the female for the 
initiation of male sex behavior (Murphy and Schneider 1970).  Several lines of evidence 
suggest that steroids regulate copulation by allowing chemosensory input to the MPN 
mag.  First, the MPN mag is an integral part of the chemosensory pathway.  Pheromonal 
information is relayed to the MPN mag via the bed nucleus of the stria terminalis (BNST) 
and the medial nucleus of the amygdale (Me) (Scalia and Winans 1975; Davis, Macrides 
et al. 1978).  Second neurons in the MPN mag are stimulated by pheromones.  Exposure 
to female chemosensory cues induces Fos expression in the BNST, Me and MPN mag of 
males (Fiber and Swann 1996; Fernandez-Fewell and Meredith 1998).  Third this 
stimulation requires circulating gonadal steroids.  Castration eliminates (and testosterone 
treatment restores) pheromone induced Fos expression in the MPN mag but does not 
affect Fos expression in its afferents the BNST and Me.  These results suggest that 
synaptic efficacy among the Me, BNST and MPN mag circuitry is testosterone 
dependent.  Finally, stimulation of the MPN mag is sex specific.  Female hamsters fail to 
show Fos induction in the MPN mag following exposure to pheromones even in the 
presence of circulating testosterone (Fiber and Swann 1996).  As males and females have 
the same number of neurons in the MPN mag, these results are consistent with the 
hypothesis that males and females differ in synaptic efficacy between the MPN mag and 
its afferents and that this difference is steroid dependent. 
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While many factors can contribute to a decrease in synaptic efficacy the simplest 
morphological mechanism is a decrease in the number of synapses.  Gonadal steroids 
have been shown to influence a variety of synaptic elements. Treatment with estrogen 
increases both pre-and post-synaptic proteins (syntaxin, synaptophysin, and spinophilin) 
and synaptic density of neurons in the hippocampus of female rats (Brake, Alves et al. 
2001; Spencer, Waters et al. 2008).  Similar effects have been found with testosterone in 
the hippocampus (MacLusky, Hajszan et al. 2006).  Testosterone has been shown to 
regulate synaptic density in the preoptic area of birds (Castagna, Obole et al. 1999) and 
mammals (Witkin and Silverman 1985), with the later study aimed at hormonal release.  
The MPN mag’s role in the expression of behavior offers an opportunity to determine if 
changes in synaptic density underlie behavior.  The goal of this experiment was to test the 
hypothesis that steroids regulate synaptic density in the MPN mag.  To this end we used 
synaptophysin (a protein found in presynaptic terminals) as a presynaptic marker (Oh, 
Campusano et al. 2008), to determine whether a sexual dimorphism occurs on the level of 
synaptic density.  This marker forms punctate clusters when examined with confocal 
microscopy and were readily counted and compared using unbiased stereology.   
 
Materials and Methods 
Subjects 
Syrian hamsters were purchased from Charles River Labs and bred so that the offspring 
could be used in this study. All animals were group housed and maintained on a 14:10 
light/dark cycle with free access to food and water.  All animal handling, housing, care 
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and experimental procedures were approved by the Institutional Animal Use and Care 
Committee of Lehigh University.  This board operates to insure that all studies at Lehigh 
University are carried out in accordance with the National Institute of Health Guide for 
the Care and Use of Laboratory Animals (NIH Publications No. 80-23 revised 1996).  All 
efforts were made to minimize animal suffering, to reduce the number of animal used, 
and to utilize alternatives to in vivo techniques. 
Adult male hamsters (90-100 days old) were obtained from our colony and 
randomly divided into experimental groups: intact male, castrated male (GNX), castrated 
+ testosterone male (GNX+T), intact female, ovariectomized female (OVX), and 
ovariectomized + testosterone female (OVX+T).  Animals in the GNX, GNX+T, OVX, 
and OVX+T groups were gonadectomized 12 weeks before sacrifice.  The 12-week 
protocol has been used to examine the restoration of a behavior.  Hamsters do not lose all 
aspects of mating behavior until 9 weeks after castration; 3 weeks of steroid treatment, 
following castration, are required to restore the behavior (Campbell, Finkelstein et al. 
1978).  Nine weeks after the gonadectomy the animals in the GNX+T and the OVX+T 
groups were implanted s.c. with a 22 mm Salistic capsule packed with testosterone 
proprionate (Sigma, St. Louis, MO).  The Silastic capsules were constructed from Model 
602-305 with a 1.98 mm inner diameter and 3.18 mm outer diameter, and remained 
implanted for 3 weeks.   
Histology 
To harvest the brains each subject was weighed, injected with an overdose of sodium 
pentobarbital (19.5 mg/100g body weight), and perfused through the heart with 100 ml 
phosphate-buffered saline (PBS, pH 7.4) followed by 200 ml 4% paraformaldahyde in 
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PBS.  Each brain was gently removed, postfixed overnight in 4% paraformaldehyde in 
PBS and stored in a 30% sucrose solution in PBS with 0.01% thimerosal until they were 
sectioned at 40 µm on a freezing microtome and stored in PBS with 0.01% thimerosal 
until processed for histological immunolabeling. 
Free-floating sections were incubated overnight at room temperature, with 1% Triton 
X-100 (0.1 M PBS, pH = 7.4) solution containing rabbit anti-synaptophysin antibody 
(1:1000; Sigma, St Louis, MO).   The sections were then rinsed with PBS and 
subsequently incubated in a fluorescently labeled secondary antibody (goat anti-rabbit 
conjugated to Alexa Fluor 488, 1:200; Molecular Probes) for 1 h at room temperature.  
Sections were then counterstained with propidium iodide (1:10,000; Sigma, St Louis, 
MO.) to aid in the identification of cells located within the MPN mag.  Serial sections 
through the MPN mag were mounted in their rostral-caudal sequence and cover-slipped 
using Vectashield mounting medium (Vector Labs, Burlingame, CA).  In order to 
determine whether differences found in the MPN mag are exclusive to this nucleus, 
synaptic densities in the lateral preoptic area (LPO) was also examined, since no known 
sex differences have been found in the LPO.  
Confocal Microscopy 
Sections were inspected under an inverted microscope (Zeiss Axiovert 200M) 
attached to a Zeiss LSM510 META scan head.  Argon ion, 543 HeNE lasers were used to 
generate the 488 (Alexa Fluor 488 anti-mouse IgG) and 568 (propidium iodide) lines for 
excitation, and pinholes were set to 1-1.5 airy units.  The MPN mag was identified using 
the hamster atlas (Morin 2001).  Images were exported and stored as Tiff files. 
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Stereology 
In order to conduct an unbiased analysis all slides were coded to ensure that the 
investigator was blind to the group of each subject.  Sections were analyzed with 
confocal microscopy using the stereological count schema shown in figure 2-1.   First, the 
MPN mag was identified in 3 serial sections under low power (10x objective) by imaging 
cells labeled with propidium iodide.  The first section for analysis was randomly chosen; 
the second was 3 optical sections (45 µms) away from the first.  For analysis, a grid of 35 
µm x 35 µm squares was laid over the propidium iodide image of the MPN mag in the 
section.  Every third grid whose upper left corner fell within the MPN mag was chosen 
for further analysis at 63x, zoom of 6.  The location of the grid was determined at high 
power by landmarks (blood vessels, tears glia).  A 5 µm square counting frame was 
placed in the left corner of the grid and particles were included in the particle analysis if 
they were included in the square without touching the exclusion lines. This process was 
repeated for each 35 µm x 35 µm square analyzed using the green and red lasers.  These 
parameters generated a coefficient of error less than 0.10%.  Particle analysis and 
synaptophysin cluster size was performed using ImageJ analysis software (National 
Institutes of Health, Bethesda, MD).  Threshold parameters for synaptophysin clusters 
were set for size (10, 000nm – infinity) and circularity (0.35 – 1.00).   
The total number of particles was then calculated using the following formula: 
Number of particles = (SUM) (1/ssf)(1/asf)(1/tsf). Where (SUM) is the sum of objects 
sampled, section sampling fraction (ssf) is the number of sections sampled divided by the 
total number of sections through the reference space, area sampling fraction (asf) is the 
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total area sampled divided by the total area on all sample sections, and thickness 
sampling fraction (tsf) is the height of the dissector divided by the total section thickness.   
As an additional parameter, the mean area of the synaptophysin particle clusters was also 
examined between groups using ImageJ analysis software (National Institutes of Health, 
Bethesda, MD).  
MPN mag total volume estimate  
After finishing stereological analysis, the volume of the MPN mag was determined.  
Due to the MPN mag’s small size, all sections were used in analysis.  For each brain, all 
3 sections containing the MPN mag were examined under 4x and pictures of the MPN 
mag were taken using confocal microscopy.  Images, stored as Tiff files were then 
analyzed using ImageJ software.  In each image, the MPN mag was outlined and the area 
of the MPN mag was calculated using the ImageJ program.  The volume (V) of the MPN 
mag was determined by summing the area of the MPN mag in each section and 
multiplying the total area (A) times the thickness of each section (40µms). V = A * 40 = 
(A1+A2+A3) * 40. 
Statistics 
All numerical analyses were performed using SPSS 16.0 software; the numbers and 
size of particle clusters were compared among the groups using a One-way ANOVA 
followed by Fisher’s LSD post-hoc analysis to determine which groups significantly 
differed from each other. For all analysis, P < 0.05 was considered significant. 
Results 
27 
 
Sexual dimorphism and gonadal steroid regulation of synaptic densities  
Gonadal steroid regulation of the density of synaptic vesicles clusters in the MPN 
mag was evaluated by analyzing the number of synaptophysin-immunolabeled clusters.  
The number of synaptic clusters in the GNX, intact female, OVX and OVX+T groups 
differed significantly from the intact males (P < 0.01) and the GNX+T group (P < 
0.001). However, no difference was found when comparing the GNX to any of the 
female groups or comparing the intact to the GNX+T males (Fig. 2-2).   
These findings show that the differences in gonadal steroid milieu, between males 
and females, and the availability of circulating testosterone affect the number of 
synaptophysin particle clusters in this nucleus, thereby suggesting a possible mechanism 
underlying the dimorphic activation of MPN mag cells.   
As an additional parameter, the size of the synaptophysin particle clusters was 
also examined.  The size of synaptophysin clusters in the GNX group significantly 
differed from intact males, intact females and OVX groups (P<0.025; P<0.001; 
P<0.042).  However, no difference was seen between the GNX group as compared to the 
GNX+T and OVX+T groups, there was also no difference between the intact male and 
GNX+T groups. This finding suggests that testosterone has an effect on the size of the 
synaptophysin cluster (Fig 2-3).   
A significant difference was not found among the groups for the number of 
synaptophysin-immunolabeled clusters in the LPO [F(5,24)=0.093, P=.963]  or in the 
volume of the MPN mag [F(5,24)=1.21, P=.331]. 
Discussion 
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The results of the present study indicate that gonadal steroids regulate the density and 
size of synaptic vesicle pools in the MPN mag of Syrian hamsters.  Moreover, the effect 
is sex specific.  Testosterone increases the size of the clusters in both sexes but only 
affects the number in males.  The volume of the MPN mag does not differ among the 
groups in this study, so changes in number indicate changes in the density of presynaptic 
elements.  Synaptophysin is expressed at high levels during synaptogenesis (Fletcher, 
Cameron et al. 1991) and is thought to may play a role in synapse formation or 
stabilization (Tarsa and Goda 2002).  The decreased levels of synaptophysin may alter 
the neuronal circuitry, reducing the overall number of synaptic connectivity in these 
animals, suggesting that sexual differentiations of gonadal milieu induces fundamental 
differences in the synaptic organization of the MPN mag that may underlie the 
differential response of males and females to female pheromones.  
The findings of this study are consistent with prior research demonstrating steroidal 
hormone mediated changes in the expression of presynaptic proteins, including 
synaptophysin, in multiple nuclei in the rat brain (Naftolin, Garcia-Segura et al. 1990; 
Crispino, Stone et al. 1999).  The observed sex differences in the size and density of 
synaptic vesicle pools, in the MPN mag, therefore suggests altered neuronal circuitry 
between males and females.  Intact males displayed significantly more synaptophysin 
clusters than females or castrates indicating that there are more overall synaptic 
connections in the male.  The clusters of synaptophysin in males were also larger in area 
than those in the female, suggesting a possible augmentation of synaptic efficacy.  An 
increase in vesicle pool size has been proposed to be associated with an increased 
probability of neurotransmitter release leading to synaptic strength increases (Murthy 
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1997; El-Husseini, Schnell et al. 2000).  Wooley et al (2010) reported that gonadal 
steroids acutely potentiate excitatory synaptic transmission, through an increase in the 
probability of glutamate release, within the hippocampus. Therefore, the increased size of 
synaptic vesicle pools, in the male, could correspond with the amplification of both the 
probability and the amount of neurotransmitter release, suggesting that there is greater 
synaptic efficacy in the male than the female.  This sex difference in synaptic 
connectivity could therefore provide a possible explanation for the sexually dimorphic 
pheromone-induced neuronal stimulation observed within the MPN mag, (i.e. the 
increased levels and size of presynaptic vesicle pools in males results in the more 
neurotransmitters being released in males; the more neurotransmitters released results in 
more neuronal stimulation in males).   
In addition to the sexual dimorphism found in the number and size of 
synaptophysin clusters we also observed a direct effect of testosterone on the size of these 
clusters in ovariectomized females treated with testosterone (OVX+T).  This direct effect 
of testosterone in synaptic components is supported by studies done in the rats, which 
report that testosterone and 5α-dihydro-testosterone (a non-aromatizable form of 
testosterone) increase dendritic spine density, in the hippocampus of ovariectomized 
females (Leranth, Hajszan et al. 2004).  Although the overall size of synaptophysin 
clusters is increased in the OVX+T female, the number of these clusters is significantly 
lower than in the males, suggesting that the effects of testosterone on synapsis formation 
and size probably involves distinctly different mechanisms.   
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Our results support a role for testosterone in the regulation of synapses in the preoptic 
area but does not rule out the possibility that the steroid is metabolized to estrogen, a 
potent regulator of synaptic plasticity (McEwen 2002).   Fluctuations in the levels of 
synaptophysin have been associated with electrophysiological alterations across the 
estrus cycle, where the greatest degree of long-term potentiation is seen when the levels 
of synaptophysin is elevated during the phase of Proestrus when estrogen levels are 
highest (Crispino, Stone et al. 1999).    
The MPN mag plays a critical role in mediating pheromonal regulation of male 
mating behavior; these findings are consistent with the hypothesis that steroids regulate 
pheromonal stimulation of the MPN mag by regulating synaptic density. These results are 
also consistent with earlier findings in which exposure to pheromones increased Fos 
expression in the MPN mag of intact males and castrated males treated with testosterone 
but failed to elevate Fos in the MPN mag of castrated males and females (Fiber and 
Swann, 1996). While several factors can affect Fos expression, the results of this study 
suggest that synaptic density plays a part. 
In summary we have shown that circulating testosterone has an effect on synaptic 
density and in the MPN mag.  As this nucleus plays a critical role in the regulation of 
male mating behavior of male hamsters our results are in line with the hypothesis that 
gonadal steroids regulate mating behavior by regulating neural connectivity in this area.  
Future studies are warranted to confirm this view with electron microscopy.
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Fig. 2-1:  Schematic representation of the procedure used to obtain the number of 
synapses in the MPN mag using systematic, random stereology. The MPN mag was 
located in a 40 µm thick coronal section, as shown to the left of the figure as a 
photograph of a cresyl violet stained section and a tracing to indicate the nuclear groups 
(A). The nucleus was then divided into 35 x 35 µm squares, 5 µm in depth, to form the 
sampling grid.  Every third 35 x 35 µm square whose upper left corner fell within the 
MPN mag was chosen for analysis, as indicated by the solid black squares (B). The 
sampling grid was randomly placed and the first square was randomly chosen. The 
numbers of labeled clusters falling within the 5 x 5 µm counting frame, in the upper left 
corner of the 35 x 35 µm sampling grid square, were counted using a 60x objective, zoom 
6.  Any clusters coming in contact with the white lines of the counting frame where 
included in the counts, and any clusters touching the grey lines were not counted (C). 
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Fig. 2-2:  (A) Confocal images of coronal sections through the MPN mag, (a-f) 35 x 35 
µm sampling grid frame squares. Scale bar = 10 µm, (g-l) 5 x 5 µm counting frame, scale 
bar = 2 µm.  (B) The average number of clusters immunolabeled for synaptophysin in the 
MPN mag,  *denotes significant difference from intact males and GNX + T (p < .01).  
(C) The average size of clusters immunolabeled for synaptophysin in the MPN mag, 
Identical letters denote groups that are not significantly different.  Abbreviations: GNX = 
castrated males; GNX+T = castrated males treated with testosterone; OVX = 
ovariectomized female; OVX+T = ovariectomized female treated with testosterone. 
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Chapter III 
 
Sexual dimorphisms and steroidal regulation of presynaptic inputs from the medial 
amygdala innervating the magnocellular division of the medial preoptic nucleus (MPN 
mag) of the Syrian Hamster (Mesocricetus auratus). 
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Introduction 
In male hamsters, the ability to copulate is dependent on circulating testosterone, 
and exposure to female pheromones (Wood and Coolen 1997).  Gonadal hormones have 
been shown to be involved in the organization of neural circuitry during development 
(Goy 1980; Arnold and Breedlove 1985; Jordan, Letinsky et al. 1988).  However, these 
structural effects of gonadal steroids occur not only in the developing brain but the adult 
brain as well.  Naturally occurring steroid-mediated morphologic changes, in adult 
neuronal circuits, suggest ongoing structurally plasticity between neurons and their 
afferents (Meyer, Ferres-Torres et al. 1978; Brandon and Coss 1982; Burgess and Coss 
1983; Purves, Hadley et al. 1986; Forger and Breedlove 1987; Woolley, Gould et al. 
1990).  Axons project neural output to target nuclei which can span long distances 
through the brain and dendrites found within the target nucleus integrate the incoming 
information from several sources (Nelson 2005).  Communication between the axons and 
dendrites occurs at the synapses, which are anatomically defined by the presence of an 
active presynaptic bouton, synaptic cleft and postsynaptic dendrites (Katz and Shatz 
1996; Holtmaat and Svoboda 2009).   Although the most explored study of synaptic 
plasticity focuses on structural and functional synaptic changes associated with long-term 
potentiation (Krueger and Fitzsimonds 2006), gonadal steroids are also known to induce 
and modify the structural composition of specific brain areas, for example, estradiol, an 
ovarian hormone, is known to induce changes in the number of synaptic inputs in specific 
neuronal populations associated with the expression of reproductive behaviors such as, 
the ventromedial hypothalamus, medial amygdala, and the accurate nucleus (Cohen and 
Pfaff 1981; Carrer and Aoki 1982; Meisel and Pfaff 1985; De Voogd 1987; Jordan, 
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Letinsky et al. 1988; Gould, Woolley et al. 1990; Frankfurt and McEwen 1991; Murphy 
and Segal 1996; Calizo and Flanagan-Cato 2000).  The strength of neural circuits can 
therefore be modified by the formation or elimination of synapses, in the presence or 
absence of gonadal steroids, respectively.   It has been suggested that this form of 
synaptic plasticity could play a role in different aspects of learning and behavior 
associated with sexually dimorphic nuclei that are involved in reproductive behavior 
(DeVoogd and Nottebohm 1981; Carrer and Aoki 1982; Miyakawa and Arai 1987; 
Bailey and Kandel 1993).  
The present study investigates the role of gonadal steroids within a sexually 
dimorphic nucleus in the Syrian hamster, the magnocellular division of the medial 
preoptic nucleus (MPN mag).  Lesioning studies have indentified the MPN mag as a 
critical nucleus for the expression of male copulation in the Syrian hamster, in that 
damaging of this nucleus abolishes or severely impairs the expression of male mounting 
behavior (Wood Newman 1995).  Research has demonstrated that the MPN mag and its 
afferent nuclei are targets for both androgens and estrogens (Krieger et al 1976; Doherty 
and Sheridan 1981; Wood and Newman 1995).  Circulating gonadal steroids in the adult 
hamster serves to maintain connections between the MPN mag and its afferents (Swann 
and Newman 1992) and exposure of males to pheromones, found in female vaginal 
secretions, stimulates neurons in the MPN mag and induces copulatory behavior.  
However, this pheromone induced stimulation of neurons in males with circulating 
testosterone is not seen in females or castrates demonstrating a sexual dimorphism in this 
nucleus.  In addition we know that this sex difference is not due to the direct effects of 
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testosterone since ovariectomized females treated with testosterone do not show any 
increase in the levels of neuronal stimulation (Fiber and Swann 1996).   
The MPN mag is suggested as a site of integration of chemosensory information 
and the internal hormonal milieu, making this nucleus and ideal system in which to study 
the effects of gonadal steroids on neural circuitry (Wood and Newman 1993; Wood and 
Newman 1995).  Prior research in our lab has demonstrated that gonadal hormones 
regulate the number and size of presynaptic vesicle pools, as implied by the enhanced 
levels of synaptophysin present in the MPN mag in intact males and castrates treated with 
testosterone.  The overall size of the synaptophysin clusters also increased in the presence 
of circulating testosterone indicating that there is not only a greater number of synaptic 
connections, but a higher probability of synaptic vesicle release as it has been reported 
that the probability of neurotransmitter release is related to the size of the vesicle pool 
(Murthy, Sejnowski et al. 1997).  With these findings we suggest that testosterone 
mediates the stimulation of MPN mag neurons by regulating synaptic connectivity within 
this nucleus.    
Multiple nuclei project to the MPN mag, including the medial amygdala (Wang 
and Swann 2006; Gardiner, Mead et al.).  The present study was designed to identify 
whether there is a sexual dimorphism associated specifically with the innervation of MeA 
axons into the MPN mag.   We hypothesize that gonadal hormones regulate synaptic 
connectivity by influencing the number and size of presynaptic boutons on projections 
from the MeA synapsing within the MPN mag.   
Materials and Methods 
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BDA Experimental Design 
Syrian hamsters were purchased from Charles River Labs and bred so that the 
offspring could be used in this study. All animals were group housed and maintained on a 
14:10 light/dark cycle with free access to food and water.  All animal handling, housing, 
care and experimental procedures were approved by the Institutional Animal Use and 
Care Committee of Lehigh University.  This board operates to insure that all studies at 
Lehigh University are carried out in accordance with the National Institute of Health 
Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23 revised 
1996).  All efforts were made to minimize animal suffering, to reduce the number of 
animal used, and to utilize alternatives to in vivo techniques. 
Adult male hamsters (90-100 days old) were obtained from our colony and 
randomly divided into experimental groups: intact male, castrated male (GNX), castrated 
+ testosterone male (GNX+T), intact female, ovariectomized female (OVX), and 
ovariectomized+ testosterone female (OVX+T).  Animals in the GNX, GNX+T, OVX, 
and OVX+T groups were gonadectomized 12 weeks before sacrifice.   The 12-week 
protocol was used in prior studies to examine the restoration of mating behavior.  
Hamsters do not lose all aspects of mating behavior until 9 weeks after castration; 3 
weeks of steroid treatment are required to restore the behavior (Campbell, Finkelstein et 
al. 1978).  Nine weeks after the gonadectomy all animals were anesthetized with sodium 
pentobarbital (9.75 mg/100g body weight) and the head was shaved and positioned in a 
stereotaxic apparatus, with lambda and bregma in the same horizontal plane.  The 
periosteum and overlying fasical layers were cleared from the skull through a mid-line 
incision on the scalp.  A single hole was drilled through the skull just large enough to 
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accommodate the glass injection micropipette.  A 20 – 25 µm-diameter-tip glass 
micropipette with filament was lowered to the MeA coordinates (AP: +0.4, ML: +2.5, 
DV: –8.0) and BDA was iontophoretically injected (5 sec pulses at 10.6 µA for 20 
minutes).  Following injection the micropipette was removed and the skin was sutured.  
Animals in the GNX+T and the OVX+T groups were implanted s.c. with a 22 mm 
Silastic capsule packed with testosterone proprionate (Sigma, St. Louis, MO), 
immediately following the BDA injection.  The Silastic capsules were constructed from 
Model 602-305 with a 1.98 mm inner diameter and 3.18 mm outer diameter.  All animals 
were allowed 3 weeks of recovery post-surgery. 
At the time of sacrifice all animals were weighed, overdosed with an i.p. injection 
of sodium pentobarbital (19.5 mg/100g body weight), and perfused through the heart with 
100 ml phosphate-buffered saline (PBS, pH 7.4) followed by 200 ml 4% 
paraformaldahyde in PBS.  Each brain was gently removed, postfixed overnight in 4% 
paraformaldehyde in PBS and stored in a 30% sucrose solution in PBS with 0.01% 
thimerosal until they were sectioned at 40 µm on a freezing microtome and stored in PBS 
with 0.01% thimerosal until processed for histological immunolabeling. 
Histology 
Free-floating sections were incubated overnight at room temperature, with 4% Triton 
X-100 (0.1 M PBS, pH = 7.4) solution containing rabbit anti-synaptophysin antibody 
(1:1000; Sigma, St Louis, MO).   The sections were then rinsed with PBS and 
subsequently incubated in a fluorescently labeled secondary antibody (goat anti-rabbit 
conjugated to Alexa Fluor 647, 1:200; Molecular Probes), Dylight 488-conjugated 
Streptavidin (1:600; Jackson ImmunoResearch Labs), and Propidium iodide solution 
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(1:10,000; Sigma, St Louis, MO.) for 1 h at room temperature.  Serial sections through 
the MPN mag were mounted in their rostral-caudal sequence and cover-slipped using 
Vectashield mounting medium (Vector Labs, Burlingame, CA).  Serial sections 
containing the MeA were labeled with Dylight 488- conjugated streptavidin and 
propidium iodide solution in order to identify the location and measure the size of the 
BDA injection site.   
Confocal Microscopy 
Tissue sections were imaged under an inverted microscope (Zeiss Axiovert 200M) 
attached to a Zeiss LSM510 META scan head.  Argon ion, 543 HeNE lasers were used to 
generate the 488 (Dylight 488-conjugated Streptavidin), 647 (synaptophysin), and 568 
(propidium iodide) lines used for excitation, and pinholes were set to 1-1.5 airy units.  
The MPN mag was identified using the hamster atlas (Morin 2001).  Images were 
exported and stored as Tiff files. 
Stereology 
In order to conduct an unbiased analysis all slides were coded to ensure that the 
investigator was blind to the group of each subject.  Sections were analyzed with 
confocal microscopy using the general schema previously described in chapter 2, figure 
2-1.  Briefly, the MPN mag was first identified in 3 serial sections under low power (10x 
objective) by imaging cells labeled with propidium iodide.  The first section for analysis 
was randomly chosen; the second was 3 optical sections (45 µms) away from the first.  
For analysis, a sampling grid of 100 µm x 100 µm squares was laid over the propidium 
iodide image of the MPN mag in the section, with the depth thickness set at 15 µm.  
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Every third grid whose upper left corner fell within the MPN mag was chosen for further 
analysis at 63X, zoom of 4.  The location of the grid was determined at this high power 
by landmarks (blood vessels, tears glia).  A 20 µm x 20 µm square counting frame was 
placed in the left corner of the grid and boutons were included in the analysis if they fell 
within the square without touching the exclusion lines. This process was repeated for 
each 100 µm x 100 µm square analyzed using the green and red lasers.  These parameters 
generated a coefficient of error less than 0.10%.  Presynaptic bouton count and size 
analysis was performed using ImageJ analysis software (National Institutes of Health, 
Bethesda, MD).  Threshold parameters for bouton count were set for size (10, 000 nm – 
infinity) and circularity (0.35 – 1.00).   
A bouton was defined morphologically as a swelling exceeding the typical axonal 
diameter with pixel intensity greater than 50% of the adjacent axonal shafts.  An en 
passant bouton was further defined as a varicosity flanked on either side by axonal shafts 
within a single plane confocal image, whereas terminal end boutons were identified by 
the presence of a short axonal shaft ending with a bulb shaped varicosity (Fig. 3-1).  The 
presence of synaptophysin colocalization was used as supportive evidence to identify 
varicosities (Fig. 3-2).   
The volume of a bouton was determined by summing the area of the bouton and 
multiplying the average area times the thickness of the bouton.  The total number of 
boutons was calculated using the following formula: Number of boutons = (SUM) 
(1/ssf)(1/asf)(1/tsf). Where (SUM) is the sum of objects sampled, section sampling 
fraction (ssf) is the number of sections sampled divided by the total number of sections 
through the reference space, area sampling fraction (asf) is the total area sampled divided 
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by the total area on all sample sections, and thickness sampling fraction (tsf) is the height 
of the dissector divided by the total section thickness.   
Statistics 
All numerical analyses were performed using SPSS 16.0 software; the numbers and 
size of boutons were compared among the groups using a One-way ANOVA followed by 
Fisher’s LSD post-hoc analysis to determine which groups significantly differed from 
each other. For all analysis, p < 0.05 was considered significant. 
Results 
Injection sites 
BDA injection sites presented a granular core of densely packed perikarya surrounded 
by a narrow rim formed by scarcely labeled neurons, no significant difference was seen 
between the groups (Fig 3-3).  Only animals with injections sites of comparable size and 
location within the MeA were included in the analysis (Fig 3-4).  Strong anterograde 
BDA labeling was observed in the ipsalateral MPN mag (Fig 3-5).  
The goal of our experiment was to determine if there is a sexual dimorphism in the 
number or size of synaptic boutons projecting from the MeA to the MPN mag.  Gonadal 
steroid regulation of synapses on these projections was first analyzed by comparing the 
total number of BDA labeled boutons located in the MPN mag, between experimental 
groups.  Synaptophysin colocalized with BDA labeled boutons in the MPN mag 
demonstrating that both terminal end and en passant boutons contained presynaptic 
vesicle pools (Fig 3-2).  Intact males and GNX+T had significantly more total boutons 
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than any female group or the GNX group (p<.03). The number of en passant boutons in 
the GNX, intact female, OVX and OVX + T groups differed significantly from the intact 
males (p < 0.01) and the GNX+T group (p < 0.001), see figure 3-6.  However, no 
significant difference was found between groups when counting the terminal end 
boutons.  These finding suggest that testosterone may regulate communication between 
the MeA and MPN mag by specifically effecting en passant bouton plasticity.    
Testosterone also appeared to affect the size of presynaptic boutons.  The volume 
of presynaptic terminal end boutons of intact males and castrates with testosterone were 
larger in volume in than any other group (GNX, p<0.03; Intact female, p<0.03; OVX, 
p<0.02; OVX+T, p<0.02).  The volume of terminal end boutons in the GNX group 
significantly differed from intact male, GNX+T, intact females and OVX groups 
(p<0.025; p<0.03; p<0.001; p<0.042, respectively).  However, no difference was seen 
between the GNX group as compared to OVX+T group (Fig 3-7).  Intact males and 
castrates with testosterone also display larger volume en passant boutons than any female 
group (intact, OVX, OVX+T) or castrated males (p<0.01, p<0.01. p<0.02, p<0.01, 
respectively) see fig 3-8.   
 
Discussion 
The present study has assessed the effects of testosterone on the number and size 
of presynaptic inputs from the MeA innervating the MPN mag and demonstrated that 
circulating testosterone in the male increases both the total number and volume of MeA 
presynaptic boutons.   The MPN mag is suggested as a site of integration for 
chemosensory information with the internal hormonal milieu and is critical for the 
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expression of male mounting behavior.  We selected this brain area because prior 
research in our lab has demonstrated that gonadal hormones regulate synaptic density as 
seen by the ability of testosterone to increase the number and size of presynaptic vesicle 
pools.   In this study we demonstrated a sexual dimorphism in the overall size and 
number of MeA presynaptic boutons in the MPN mag, and that circulating testosterone is 
needed to maintain the size and number of the boutons in the male.  The fluctuation in the 
size of the boutons, observed in this study, agrees with studies performed in the Japanese 
quail, which revealed that castration induces a significant drop of the cross-sectional area 
of synaptic boutons, and that treatment with testosterone fully restores their size back to 
the level of intact males (Castagna et al 1999).   
The ultrastructural size principle states that bouton volume can be used to predict 
active zone area and number, as well as vesicle number, since these ultrastructural 
features scale in a direct linear fashion with bouton size (Pierce and Lewin, 1994).  Pierce 
and Lewin suggest that measurements of bouton size at the level of light microscopy 
indeed provides a good estimate of potential bouton efficacy (1994).  Increased size of 
presynaptic boutons therefore suggests increased efficacy of synaptic transmission and 
size of synaptic contacts (Anthes, LeBoutillier et al. 1993).  With this increased synaptic 
efficacy and our findings suggest that stronger synaptic connectivity exists between the 
MeA and the MPN mag in males as compared to females.  These stronger connections 
could therefore result in the sexual dimorphism of hormonally regulated pheromonal 
stimulation of the MPN mag.   
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A direct effect of testosterone was also seen by the increase in terminal bouton 
size in the OVX+T female.  This suggests a possible differential mechanism of bouton 
growth for terminal end and en passant boutons. In addition the absence of testosterone in 
males appears to specifically affect the number of en passant boutons.  Investigations in 
experience-dependent bouton dynamics report that the extent of bouton dynamics appears 
to be dependent on cell type.  Boutons on thalamocotical axons are quite stable, en 
passant boutons on axons from intracortical layer 2/3, and layer 5 pyramidal cells 
demonstrate a higher rate of growth and elimination, and terminal end boutons on layer 6 
pyramidal cells show the greatest rate of plasticity amongst these regions (Holtmaat and 
Svoboda 2009).  Our findings specifically demonstrate that gonadal steroids induced en 
passant bouton plasticity on MeA axons in the Syrian hamster.  A great deal of research 
investigating synaptic plasticity focuses on dendritic spine formation (Gould et al, 1990; 
Wooley et al 1990; Calizo and Flanagano-Cato, 2000, Yankova et al 2001; DeVries and 
Simmerly, 2002; Cooke and Wooley, 2004); however, the extent of presynaptic verses 
postsynaptic contribution to gonadal steroid induced synapse plasticity is currently 
unknown.  Morse et al (1986) have reported that testosterone is capable of replacing lost 
synaptic contacts by increasing axonal sprouting in the adult female hippocampus.  
However, another possible mechanism underlying these changes seen in en passant 
bouton number has been postulated by Holtmaat and Svoboda, focusing on the influences 
of the post-synaptic element.  Holtmaat and Svoboda (2009) suggest a mode for de novo 
synapse formation in which dynamic dendritic spines grow towards an axon to make a 
synapse, resulting in a new single-synapse en passant bouton, and that the connection of 
additional dendritic spines to existing single synaptic en passant boutons would result in 
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multiple-synapse boutons of greater size.  As hormones are known to increase dendritic 
spine density, this mode of synapse formation would explain both the increase in number 
(i.e. de nova formation) and the increase in bouton size (single-synaptic forming into 
multi-synaptic) we observed for the MeA en passant boutons found in the MPN mag.  
However, Yankova et al (2001) reports that estrogen-induced synaptic connections do not 
reflect increases in presynaptic boutons, but rather new spines form connections with pre-
existing boutons, inducing multi-synapse boutons from pre-existing synapses in the 
hippocampus.  As the present study only investigated the effects of testosterone in the 
MPN mag, the lack of estrogen induced de novo bouton formation in hippocampal cells 
by Yankova et al. may indicate that 1.) different gonadal steroids (testosterone vs. 
estradiol) may induce synaptic plasticity by using different mechanisms and/or 2.) the 
effects of gonadal steroids may differ depending on the specific brain region.   
In summary we have shown that circulating testosterone has an effect on MeA 
presynaptic bouton density in the MPN mag.  The MPN mag plays a critical role in the 
regulation of male mating behavior in the Syrian hamster and this sex difference in the 
density of presynaptic elements represents a possible mechanism underlying the sexually 
dimorphic display of copulatory behavior.  
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        En passant bouton           Terminal End bouton 
 
Fig. 3-1:  Representative morphology of BDA labeled en passant bouton flanked by 
axonal shafts with pixel intensity exceeding 50% of adjacent axonal shafts (A.); and 
terminal end bouton with single axonal shaft ending in bulb-like varicosity with pixel 
intensity exceeding 50% of adjacent axonal shaft (B.); Single plane confocal image. 
Arrowhead indicated en passant bouton; Arrow indicates terminal end bouton.  Scale bar 
= 2 µm.    
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Fig 3-2:  Single plane confocal image of synaptophysin labeled synaptic vesicle pools 
(red), and BDA labeled MeA boutons (green); colocalized (yellow) in the MPN; 
Terminal end bouton denoted by arrows, en passant boutons denoted by arrowheads. 
Scale bar = 10 µm. 
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Fig 3-3: Schematic diagram of coronal sections through the medial amygdala and BDA 
labeled injection sites in representative hamster from each group.  Abbreviations GNX = 
castrated males; GNX+T = castrated males treated with testosterone; OVX = 
ovariectomized female; OVX+T = ovariectomized female treated with testosterone.  
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Fig 3-4: Average areas of BDA injections across groups. Abbreviations GNX = castrated 
males; GNX+T = castrated males treated with testosterone; OVX = ovariectomized 
female; OVX+T = ovariectomized female treated with testosterone. 
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Fig 3-5:  Z-stack projection (15 µm depth) confocal image of BDA labeled MeA axons 
(B), innervating the MPN mag. Cell bodies counterstained with propidium iodide (A), 
scale bar = 500 µm. (A’– C’) Increased magnification of MPN mag, scale bar = 50 µm)  
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Fig 3-6: Confocal images of BDA labeled MeA boutons in the MPN mag, demonstrating 
terminal end boutons (arrow) and en passant boutons (arrowhead). Scale bar = 10 µm; 
inset scale bar = 2 µm. Males with circulating testosterone display more en passant 
boutons.  Bars marked with an asterisk (*) are significantly different form intact males 
and GNX+T   
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Fig 3-7: (Above) Z-stack projection (10 µm depth) of terminal end boutons, Y orientation 
shown above the X axis displaying the X-Y axis, Z orientation shown below the X axis 
displaying the X-Z axis. Scale bar = 2 µm.   (Below) Intact males and GNX+T have 
larger volume terminal end boutons than any female and GNX males.  GNX males and 
OVX+T females do not differ in bouton size and intact females and OVX females have 
significantly smaller terminal end boutons than any other group. Identical letters above 
bars indicate groups that do not significantly differ.   
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Fig 3-8:  (Above) Z-stack projection (10 µm depth) of en passant boutons, Y orientation 
shown above the X axis displaying the X-Y axis, Z orientation shown below the X axis 
displaying the X-Z axis. Scale bar = 2 µm.   (Below) Intact males and GNX+T have 
larger volume en passant boutons than any female and GNX males.  Bars marked with an 
asterisk (*) are significantly different from the intact male and GNX+T groups. 
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Chapter IV 
 
Effects of gonadal steroid receptor antagonists localized in the MeA on presynaptic 
boutons projecting from the MeA within the MPN mag of the Syrian hamster 
(Mesocricetus auratus). 
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Introduction 
Reproduction is profoundly influenced by an animal’s internal hormonal milieu.  
It is well known that gonadal hormones are necessary in the masculinization of neural 
circuitry during a “critical period” of development (Goy 1980; Arnold and Breedlove 
1985; Jordan, Letinsky et al. 1988).  However, recent evidence demonstrates that the 
structural composition of specific brain areas and the display of behaviors can be 
modified by the hormonal milieu in the adult brain as well (De Voogd 1987; Jordan, 
Letinsky et al. 1988; Gould, Woolley et al. 1990).  The removal of circulating 
testosterone in males results in a decrease of androgen receptors and eliminates 
copulatory behaviors (Wood and Newman 1993; Nelson 2005).  The effects of gonadal 
steroids on the brain are dependent on the presence of their corresponding receptors 
(Nelson 2005).  Numerous studies examining the distribution of steroid receptor 
containing neurons, throughout a variety of species, have reported that steroid receptors 
are known to be concentrated in distinct regions of the limbic system including those 
regions associated with reproductive control (Doherty and Sheridan 1981; Wood, Brabec 
et al. 1992; Li, Blaustein et al. 1993).  Both the medial preoptic nucleus (MPN) and the 
medial amygdala (Me) play important roles in the regulation of male sexual behavior 
(Newman 1999), in addition both of these nuclei are rich with steroid-receptor containing 
neurons (Doherty and Sheridan 1981; Wood, Brabec et al. 1992; Li, Blaustein et al. 
1993).  Androgen-dependent plasticity in the Me has been observed in the Syrian hamster 
suggesting that circulating androgens are needed to maintain the structural integrity of the 
Me in the adult brain and the integrity of the Me is critical for the expression of male 
copulatory behaviors (Gomez and Newman 1991; Romeo and Sisk 2001).  The Me is 
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further divided into multiple nuclei; in the Syrian hamster the anterior Me (MeA), 
projects to the lateral regions of the MPN including a defined sexually dimorphic nucleus 
known as magnocellular division of the medial preoptic nucleus (MPN mag) and the 
posterior Me (MeP), projects to the medial aspects MPN (Gomez and Newman 1992; 
Wang and Swann 2006).  Lesion studies of the Me demonstrate that the destruction of the 
anterior MeA results in the abolishment of mating behaviors in males although lesions 
centered in the posterior MeP do not fully eliminate copulation (Lehman, Powers et al. 
1983). Studies by Cooke et al (1999) indicate that castration reduces the volume and 
soma size of Me neurons in rats, in addition microinjections of steroid hormones in the 
Me alone of the Syian hamster are sufficient to restore mating behavior in castrated males 
(Wood and Coolen, 1997).  
Male hamsters are also dependent upon chemosensory stimuli for the initiation of 
mating behaviors (Murphy and Schneider 1970).  When chemosensory cues are 
eliminated, copulatory behaviors are immediately and permanently abolished (Murphy 
and Schneider 1970; Lisk, Zeiss et al. 1972).   These chemosignals are processed by a 
network of forebrain nuclei in the chemosensory pathway including the Me and the MPN 
(Wood and Coolen 1997).  The MeA receives input directly from the olfactory bulb and 
in turn projects to the MPN mag (Wang and Swann 2006).  The exposure to pheromones 
elicits the stimulation of neurons in the MPN mag and induces copulatory behavior in the 
male hamster, but not in females.  This suggests that females fail to display male 
copulatory behavior in response to pheromonal because neurons within the female are not 
stimulated.  In addition, although the MPN mag displays this sexual dimorphism, nuclei 
projecting to the MPN mag (i.e. Me and bed nucleus of the stria terminalis) do not, as 
58 
 
pheromonal cues induce neuronal stimulation in these nuclei of both sexes (Fiber and 
Swann 1996).  Bilateral destruction of the MPN mag also results in the abolishment of 
male copulatory behavior (Wood and Newman 1995), indicating that the MPN mag is a 
sexually differentiated nucleus within a large steroid responsive pathway that integrates 
external pheromonal signals with the internal hormonal milieu critical for the expression 
of male copulatory behaviors (Swann, Wang et al. 2003). 
Our previous studies have demonstrated a sexual dimorphism in the number and 
size of presynaptic boutons on projections from the MeA to the MPN mag, suggesting a 
possible mechanism underlying the sexual dimorphism seen by pheromone-induced 
stimulation of neurons.    However, the steroidal site of action generating this sex 
difference remains unknown.  Long-term effects of gonadal hormones appear to be 
mediated through the genome.  Testosterone binds to a receptor complex within the 
nucleus, which stimulates the protein synthesis machinery of the cell  (Meisel and Pfaff 
1985).  It is likely that these neurons may also be stimulated to production of cytoskeletal 
elements or membrane components that contribute to synaptic plasticity.   However, 
gonadal steroids may instead influence the size and number of presynaptic boutons 
locally within the MPN mag.  It has been proposed that during development sexual 
dimorphisms are mediated by a growth factor produced in the target tissue and that 
steroids regulate neural survival by stimulating the production of these growth factors in 
the target areas that attract and support neuronal connections (Fishman and Breedlove 
1988; Xu et al 2001).  To determine whether the integrity of presynatic bouton number 
and size is dependent on steroid receptor actions in the MeA, we studied the effect of 
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gonadal steroid antagonists, localized in the MeA, on the morphology of presynaptic 
boutons in the MPN mag.   
Materials and Methods 
BDA/ Cannulae Experimental Design 
Syrian hamsters were purchased from Charles River Labs and bred so that the 
offspring could be used in this study. All animals were group housed and maintained on a 
14:10 light/dark cycle with free access to food and water.  All animal handling, housing, 
care and experimental procedures were approved by the Institutional Animal Use and 
Care Committee of Lehigh University.  This board operates to insure that all studies at 
Lehigh University are carried out in accordance with the National Institute of Health 
Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised 
1996.  All efforts were made to minimize animal suffering, to reduce the number of 
animal used, and to utilize alternatives to in vivo techniques. 
Adult male hamsters (90-100 days old) were obtained from our colony and 
randomly divided into experimental groups: intact male, castrated male (GNX), castrated 
+ testosterone male (GNX+T), intact female, ovariectomized female (OVX), and 
ovariectomized + testosterone female (OVX+T).  Animals in the GNX, GNX+T, OVX, 
and OVX+T groups were gonadectomized 12 weeks before sacrifice.   The 12-week 
protocol was used in prior studies to examine the restoration of mating behavior.  
Hamsters do not lose all aspects of mating behavior until 9 weeks after castration; 3 
weeks of steroid treatment are required to restore the behavior (Campbell et al., 1978).  
Nine weeks after the gonadectomy all animals were anesthetized with sodium 
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pentobarbital (9.75 mg/100g body weight) and the head was shaved and positioned in a 
stereotaxic apparatus, with lambda and bregma in the same horizontal plane.  The 
periosteum and overlying fasical layers were cleared from the skull through a mid-line 
incision on the scalp.  
Implant preparations were similar to Wood and Newman, 1995.   Stainless steel 
tubing (23 gauge, Small parts, Inc) was sterilized and cut in 2.5 cm segments.  Cannulae 
were packed with either crystalline bicalutamide (Sigma, St. Louis, MO) and tamoxifen 
(Sigma, St. Louis, MO) or cholesterol (Sigma, St. Louis, MO) by tapping an open end of 
the cannula in the crystalline 50 times on a hard surface.  (Post perfusion inspection 
ensured that cannulae retained crystals for the duration of the experiment).   Bilateral 
holes were drilled through the skull just large enough to accommodate a 23 gauge 
cannula.  BDA injections were performed prior to the cannulae insertion.  A 20 – 25 µm-
diameter-tip glass micropipette with filament was first lowered into the left hemisphere 
MeA (AP: +0.4, ML: +2.5, DV: –8.0) and BDA was iontophoretically injected (5 sec 
pulses at 10.6 µA for 20 minutes).  Immediately following the left hemisphere injection 
the micropipette was removed and then lowered into the right hemisphere MeA 
coordinates (AP: +0.4, ML: –2.5, DV: –8.0) and BDA was iontophoretically injected (5 
sec pulses at 10.6 µA for 20 minutes).   
Following the BDA injections the animals were implanted with the prepared 
cannulae, receiving the bicalutamide/tamoxifen cannula in the left hemisphere and the 
cholesterol cannula in the right hemisphere.  Coordinates for Me were (AP: +0.4, ML: 
+2.5, DV: –7.4), which allowed the tip of the cannula to rest in the most dorsal portion of 
the MeA.  The cannulae were lowered to the desired location and secured with 
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cranioplastic cement (Plastics One, Roanoke, Va) (Fig 4-1).  Once the cement had 
hardened, the skin was sutured over the cannula.  Animal in the GNX+T and the OVX+T 
groups were implanted s.c. with a 22 mm Silastic capsule packed with testosterone 
proprionate (Sigma, St. Louis, MO), immediately following the stereotaxic surgery.   The 
Silastic capsules were constructed from Model 602-305 with a 1.98 mm inner diameter 
and 3.18 mm outer diameter.  All animals were allowed 3 weeks of recovery post-
surgery. 
At the time of sacrifice all animals were weighed, overdosed with an i.p. injection 
of sodium pentobarbital (19.5 mg/100g body weight), and perfused through the heart with 
100 ml phosphate-buffered saline (PBS, pH 7.4) followed by 200 ml 4% 
paraformaldahyde in PBS.  Each brain was gently removed, postfixed overnight in 4% 
paraformaldehyde in PBS and stored in a 30% sucrose solution in PBS with 0.01% 
thimerosal until they were sectioned at 40 µm on a freezing microtome and stored in PBS 
with 0.01% thimerosal until processed for histological immunolabeling. 
Histology 
To demonstrate the effects of the androgen antagonist, androgen receptor 
immunoreactivity was examined, free-floating sections were incubated overnight at room 
temperature, with 4% Triton X-100 (0.1 M PBS, pH = 7.4) solution containing a 
polyclonal rabbit antibody PG-21 to visualize androgen receptors (1:100; gifted by Gail 
S. Prins, University of Illious, Chicago).   The sections were then rinsed with PBS and 
subsequently incubated in a fluorescently labeled secondary antibody (goat anti-rabbit 
conjugated to Alexa Fluor 647, 1:200; Molecular Probes), Dylight 488-conjugated 
Streptavidin (1:600; Jackson ImmunoResearch Labs), and Propidium iodide solution 
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(1:10,000; Sigma, St Louis, MO.) for 1 h at room temperature.  Serial sections through 
the MPN mag were mounted in their rostral-caudal sequence and cover-slipped using 
Vectashield mounting medium (Vector Labs, Burlingame, CA).  Serial sections 
containing the MeA were labeled Dylight 488-conjugated streptavidin and propidium 
iodide solution in order to identify the location and measure the size of the BDA injection 
site.   
Confocal Microscopy 
Tissue sections were imaged under an inverted microscope (Zeiss Axiovert 200M) 
attached to a Zeiss LSM510 META scan head.  Argon ion, 543 HeNE lasers were used to 
generate the 488 (Dylight 488-conjugated Streptavidin), 647 (synaptophysin), and 568 
(propidium iodide) lines used for excitation, and pinholes were set to 1-1.5 airy units.  
The MPN mag was identified using the hamster atlas (Morin 2001).  Images were 
exported and stored as Tiff files. 
Stereology 
In order to conduct an unbiased analysis all slides were coded to ensure that the 
investigator was blind to the group of each subject.  Sections were analyzed with 
confocal microscopy using the general schema shown in figure 2-1.   First, the MPN mag 
was identified in 3 serial sections under low power (10x objective) by imaging cells 
labeled with propidium iodide.  The first section for analysis was randomly chosen; the 
second was 3 optical sections (45 µms) away from the first.  For analysis, a sampling grid 
of 100 µm x 100 µm squares was laid over the propidium iodide image of the MPN mag 
in the section, with the depth thickness set at 15µm.  Every third grid whose upper left 
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corner fell within the MPN mag was chosen for further analysis at 63X, zoom of 4.  The 
location of the grid was determined at high power by landmarks (blood vessels, tears 
glia).  A 20 µm x 20 µm square counting frame was placed in the left corner of the grid 
and boutons were included in the analysis if they were included in the square without 
touching the exclusion lines. This process was repeated for each 100 µm x 100 µm square 
analyzed using the green and red lasers.  These parameters generated a coefficient of 
error less than 0.10%.  Presynaptic bouton count and size was performed using ImageJ 
analysis software (National Institutes of Health, Bethesda, MD).  Threshold parameters 
for bouton count were set for size (10, 000nm – infinity) and circularity (0.35 – 1.00).   
The volume of a bouton was determined by summing the area of the bouton and 
multiplying the average area times the thickness of the bouton.  The total number of 
boutons was calculated using the following formula: Number of boutons = (SUM) 
(1/ssf)(1/asf)(1/tsf).  Where (SUM) is the sum of objects sampled, section sampling 
fraction (ssf) is the number of sections sampled divided by the total number of sections 
through the reference space, area sampling fraction (asf) is the total area sampled divided 
by the total area on all sample sections, and thickness sampling fraction (tsf) is the height 
of the dissector divided by the total section thickness.    
Statistics 
All numerical analyses were performed using SPSS 16.0 software; the numbers and 
size of boutons were compared among the groups using a Two-way ANOVA with pair-
wise comparison followed by post-hoc analysis to determine which groups significantly 
differed from each other. For all analysis, p < 0.05 was considered significant. 
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Results 
In this study, we determined whether the integrity of presynatic bouton number 
and size is dependent on steroid receptor activation within the MeA, by studying the 
effect of gonadal antagonists, localized in the MeA, on presynaptic boutons found in the 
MPN mag.   
BDA injection sites presented a granular core of densely packed perikarya 
surrounded by a narrow rim formed by scarcely labeled neurons, no significant difference 
was seen between the groups.  Only animals with injections sites and cannula implant 
sites of comparable size and location within the MeA were included in the analysis (Fig 
4-2 and Fig 4-4). 
Androgen and estrogen antagonists localized within the MeA did not appear to 
have a significant effect on the number or the size of presynaptic boutons, synapsing in 
the MPN mag, as compared to the hemisphere receiving a cholesterol implant; terminal 
bouton count: [F (5,24)(Syms, Norris et al. 1985)  = 1.89,  p = 0.201]; terminal bouton 
size: [F (5,24) = 0.103,  p = 0.481; en passant bouton count: [F (5,24) = 0.441,  p = 
0.509]; en passant bouton size: [F (5,24) = 0.119,  p = 0.733] (Fig 4-5 through 4-8).  
However, the repeated pattern for the effects of gonadal steroid regulation on presynaptic 
bouton count and size was again demonstrated, thus agreeing with our previous study 
which directly accessed the effects of different hormonal milieus on of presynaptic 
bouton components in the MPN mag.   
Androgen receptor labeling, revealed a halo of decreased androgen receptor 
immunoreactivity surrounding the tip of the cannula in the MeA of the hemisphere which 
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received the gonadal steroid antagonists, with an average (+ SEM) diameter of 266.56 (+ 
8.98) mm
2 
and 267.91 (+ 15.89) mm
2
, for the intact male and GNX+T groups 
respectively.  As the androgen receptor is thought of as an auto-regulatory protein (Syms, 
Norris et al. 1985; Tan, Joseph et al. 1988; Sar, Lubahn et al. 1990; Kemppainen, Lane et 
al. 1992) the decrease in androgen receptor labeling demonstrates the antagonistic effects 
of bicalutamide.  Androgen receptor labeling is also visualized exclusively in neuronal 
cell nuclei of the control hemisphere of males with circulating testosterone.  As the 
binding of testosterone, to active the AR receptor, results in the translocation of the 
hormone/steroid receptor complex into the nucleus, this further demonstrates the 
inhibitory effects of the antagonists (Fig 4-3).  Overall these findings show that the 
genomic effects of testosterone and estrogen within MeA cell bodies are not needed to 
maintain the integrity of MeA axonal boutons innervating the MPN mag.   
Discussion 
The number and size of presynaptic boutons did not differ between the 
hemispheres receiving the gonadal steroid antagonists and the control.  Thus gonadal 
steroids may be influencing the size and number of presynaptic boutons locally within the 
MPN mag.  It has been proposed that during development sexual dimorphisms are 
mediated by a growth factor produced in the target tissue and steroids regulate neuronal 
survival by stimulating the production of these growth factors within the target areas that 
attract and support neuronal connections (Fishman and Breedlove 1992; Xu, Gingras et 
al. 2001).  It is therefore possible that a growth factor or protein localized at the synapses 
is regulated by gonadal steroids thus effecting presynaptic bouton size and number.  El-
Husseini et al (2000) report an enhancement in the size of axon terminals contacting 
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neurons transfected with PSD-95, a membrane associated protein concentrated at 
glutamatergic synapses (Cho, Hunt et al. 1992; Kistner, Wenzel et al. 1993).   In addition 
McEwen and colleagues demonstrated that gonadal steroid treatment results in increased 
expression of PSD-95 in hippocampal tissue (Waters, Mitterling et al. 2009).  As some of 
the MeA boutons in the MPN mag contain the vesicular glutamate transporter (and so 
appear to be glutaminergic) and PSD-95 has been identified in the MPN (Swann et al., 
unpublished data) we suggest that local actions of gonadal steroids on the synaptic 
elements such as the expression of PSD-95, within the MPN mag, maintain the integrity 
of the number and size of MeA presynaptic boutons.   This postulate also agrees with the 
hypothesis that gonadal steroids regulate dendritic spine densities and the resulting 
increase in spine synapses drive and support the increased number and size of presynaptic 
boutons (Frankfurt et al. 1990, Calizo and Flanagan-Cato 2000, 2002; Madeira et al. 
2001; McEwen and Woolley 1994).  
In summary, we can conclude that the genomic activation of gonadal steroids 
within the MeA is not needed in order to maintain the integrity of synaptic connections in 
the MPN mag.  The findings of this study suggest a possible direct non-genomic action of 
testosterone at the site of the bouton; however, further studies are needed to clarify the 
mechanisms and exact site of steroidal regulation of synaptic plasticity within the MPN 
mag. 
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Fig 4-1: Schematic drawing of location of BDA injection and cannulae placement in the 
MeA. 
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Fig 4-2: Representative projection scope drawings of cannulae placement and BDA 
injections for each experimental group.  
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Fig. 4-3: Representative confocal images of androgen receptor (AR) labeling (blue), 
cannulae placement, and BDA labeling (green) in the MeA of each experimental group.  
Intact males and GNX+T displayed decreased levels of androgen receptor labeling and 
cytoplasmic androgen receptor labeling (inset) in the Bicalutamide/Taxomoxifen 
implanted hemisphere (A, E), as compared to the hemisphere receiving cholesterol (B, F). 
Left hemisphere received a Bicalutamide/Taxomoxifen implant (A, C, E, G, I. K), right 
hemisphere received cholesterol (B, D, F, H, J, L); Scale bar = 500 µm *AR labeling 
color enhanced to improve contrast. Insets show nuclear labeling of AR in cholesterol 
treated hemispheres of intact males and GNX+T. Scale bar = 10 µm.
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Fig 4-4: Average areas of BDA injections across groups. GNX, castrated males; GNX+T, 
castrated males treated with testosterone; OVX, ovariectomized female; OVX+T, 
ovariectomized female treated with testosterone. 
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Fig 4-5: Confocal images of BDA labeled MeA boutons in the MPN mag, demonstrating 
terminal end boutons (arrow) and en passant boutons (arrowhead). Left hemisphere 
received a Bicalutamide/Taxomoxifen implant (A, C, E, G, I. K), right hemisphere 
received cholesterol (B, D, F, H, J, L); Scale bar = 10 µm; inset scale bar = 2 µm.  
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Fig. 4-6:  The number of MeA boutons in the MPN mag was not influenced by gonadal 
steroid inhibition of the MeA.  
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Fig. 4-7: (Above) Z-stack projection (10 µm depth) of terminal end boutons, Y 
orientation shown above the X axis displaying the X-Y axis, Z orientation shown below 
the X axis displaying the X-Z axis. Scale bar = 2 µm.   (Below) The volume of MeA 
terminal end boutons in the MPN mag was not influenced by gonadal steroid inhibition of 
the MeA.  
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Fig. 4-8: (Above) Z-stack projection (10 µm depth) of en passant boutons, Y orientation 
shown above the X axis displaying the X-Y axis, Z orientation shown below the X axis 
displaying the X-Z axis. Scale bar = 2 µm.   (Below) The volume of MeA terminal end 
boutons in the MPN mag was not influenced by gonadal steroid inhibition of the MeA. 
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Chapter V 
 
CONCLUDING REMARKS 
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In many mammalian species, gonadal steroids play critical roles in the 
organization (masculinization and feminization) of neuronal circuitry during development 
(reviewed in Cooke et al 1998).  However, as increasing bodies of evidence demonstrate, 
these regulatory effects of gonadal steroids do not only occur in the developing brain but 
play a vital role in neuronal and synaptic plasticity in the adult brain as well.   Evidence 
for sex differences in the size and volume of nuclei, cell number, neural chemistry, and 
synaptic connections in the adult brain continues to growth (DeVoogd 1987; Arnold and 
Jordan 1988; Gould et al 1990; Gomez and Newman 1991; Nishizuka and Arai 1981, 
1983; Wooley et al 1990; Calizo and Flanagano-Cato 2000, Yankova, Hart et al. 2001; 
DeVries and Simmerly 2002; Cooke and Wooley 2004).  The studies described here add 
to this increasing knowledge base by examining the effects of gonadal steroids on 
presynaptic elements in the adult Syrian hamster brain.  
Gonadal steroid regulation of synaptophysin  
Previous studies have demonstrated that the magnocellular division of the medial 
preoptic nucleus (MPN mag) of the Syrian hamster shows marked differences in neuronal 
responses to the presentation of conspecific female pheromones (Fiber and Swann 1996).  
In the current studies we extend this work by investigating the possible structural 
mechanisms underlying this sex difference.  Our first study (described in Chapter 2) 
demonstrates that gonadal steroids regulate the number and size of synaptophysin clusters 
representing presynaptic vesicle pools.  Our results support a role for testosterone in the 
regulation of synapses in the preoptic area but do not rule out the possibility that the 
steroid is metabolized to estrogen, a potent regulator of synaptic plasticity (McEwen 
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2002).  Crispino et al. (1999) noticed variations in a number of synaptic proteins, 
synaptotagmin I and IV and synaptophysin, during the estrous cycle.  Brake et al. (2001) 
showed that synaptophysin and syntaxin immunoreactivity is increased in the CA1 region 
of the dorsal hippocampus of ovariectomized rats after estrogen treatment.  Yankova et 
al. (2001) demonstrated new synaptic connections in CA1 following estrogen treatment.  
Finally, Woolley et al. (1996) described an increase in the frequency of multiple synapse 
boutons in CA1 after estradiol application.  In addition, the fluctuations in the levels of 
synaptophysin across the estrus cycle are associated with electrophysiological alterations, 
where the greatest degree of long-term potentiation is seen when the levels of 
synaptophysin is elevated during the phase of proestrus, when estrogen levels are at their 
highest (Crispino, Stone et al. 1999).    
 The study in chapter 2 used immunocytochemical techniques to identify the 
synaptic proteins synaptophysin, a 38-kDa calcium-binding glycoprotein of presynaptic 
vesicles (Wiedenmann and Franke 1985; Navone, Jahn et al. 1986; Greengard, Valtorta et 
al. 1993).  These techniques have been shown to exhibit sufficient specificity and 
selectivity for accurate quantitation of synapses (Hoog, Gould et al. 1988; Leclerc, 
Beesley et al. 1989; Mahata, Marksteiner et al. 1992; Lahtinen, Miettinen et al. 1993).   
The stereological approach used in this study provides an accurate and reliable method to 
assess total number of synaptophysin-labeled clusters; however, the identification of 
individual synaptophysin clusters as discrete elements could be a source of variability.  
There is a possibility that the measured numerical density of synaptophysin in the MPN 
mag could increase as the resolving power of the visualization method increases. Greater 
definition of the borders between individual clusters may lead to a greater number of 
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synapses being resolved and therefore counted.  Electron microscopic (EM) studies, with 
its higher level of resolution, could show synaptic density estimates higher than our 
confocal microscopy data.   In addition, our studies only investigated presynaptic 
elements where an EM-based synaptic density study could involve the identification of 
pre- and postsynaptic elements.  The incorporation of postsynaptic elements is important 
as it would be able to reflect any differences in the number of dendritic spines associated 
with an individual bouton.  It has been established that gonadal steroids influence 
dendritic spine growth which in turn increases the formation of multiple synaptic boutons 
(Woolley, Wenzel et al. 1996; Ebling and Cronin 2000).  As our study does not examine 
the postsynaptic elements we therefore cannot provide a full picture of the effects of 
gonadal steroids on synaptic connectivity.  
Gonadal steroid regulation of presynaptic boutons  
The examination of synaptic vesicle pool populations in chapter 2 revealed an 
overall sexual dimorphism of synaptic connections in the MPN mag.  However, this 
study could not determine the afferents associated with the labeled synaptophysin vesicle 
pools.  The study in chapter 3, further tried to elucidate this sexual dimorphism by 
examining specific synaptic connections originating from the anterior medial amygdala 
(Gardiner, Mead et al. 2010).  Interconnections between the MeA and other sexually 
dimorphic circuits appear to underlie the expression of male sexual behavior (Newman 
1999).  In this study we report that the presence of circulating testosterone appears to be 
required for the maintenance and support of the MeA-MPN mag circuitry.  Gonadal 
steroids are known to induce changes in the number of synaptic inputs in specific 
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neuronal populations (Frankfurt and McEwen, 1991; Perez et al 1993; Wooley et al 1996; 
Pozzo-Miller er al 1999; Calizo and Flannigan-Cato, 2000).  Our study adds to this body 
of knowledge by assessing the effects of testosterone on the number and size of 
presynaptic boutons in the MPN mag projecting from the MeA.   
The exposure to female pheromones induces neuronal stimulation in the MeA, 
(Fiber and Swann 1996; Nagypal and Wood 2007), and this stimulation is seen in 
females, castrates and in males treated with androgen antagonists, indicating that Fos 
protein expression in the MeA is not dependent on androgens.  These finding may 
suggest that castration disrupts the connections between the MeA and MPN mag within 
the MPN mag itself.  Our finding of a sexual dimorphism in synaptic organization within 
the MPN mag agrees with this hypothesis.  We observed that the overall volume and total 
number of presynaptic boutons was greater in intact male hamsters and castrated males 
treated with testosterone as compared to castrated males and females.   However, the fact 
that this study examined presynaptic boutons using light microscopy cannot be over 
looked.  It is possible that single synapsis boutons fell below the threshold of 
identification and therefore only multi-synaptic boutons were included in the analysis.  If 
this were to occur then the increase in number would need to be reinterpreted as an 
increase in size above threshold.  However, this interpretation would still agree with our 
hypothesis that the overall synaptic connectivity between the MeA and the MPN mag is 
sexually dimorphic, and that circulating testosterone is needed to maintain the integrity of 
these connections in the male. 
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In addition, we report that testosterone displays differential affects on bouton 
subtypes in males, where testosterone specifically affected the number of en passant 
boutons.  However, this differential result may also be an artifact of the use of confocal 
light microscopy.   Woolley et al. (1996) investigated presynaptic boutons that synapse 
with multiple dendritic spines (multiple-synapse boutons) versus those that synapse with 
only one spine (single-synapse boutons) in estrogen-treated animals using electron 
microscopy.  They showed that the estrogen-induced increases in synapse density are 
correlated with the transformation of single-synapse boutons into multiple-synapse 
boutons without an increase in the number of presynaptic boutons.  As increased synaptic 
connections increase the overall surface area of a presynaptic bouton, it is therefore 
possible that on the level of light microscopy a single-synapse bouton may have fallen 
below the threshold of identification and the classification of a de novo en passant bouton 
may simply be an increase in bouton size above threshold due to a single-synapse bouton 
becoming a larger multiple-synapse boutons.   
The MeA is only one of multiple nuclei that innervate the MPN mag.  The MPN 
mag receives a strong innervation from the bed nucleus of the stria terminalis (BNST) as 
well.  The BNST has been recognized as an important site for mediating steroidal 
regulation of male sexual behaviors and is a critical node in the chemosensory pathway 
(Scalia and Winans 1975; Davis et al 1978; Wood and Swann, 1999).  The BNST 
receives direct projections from the accessory olfactory bulb, sends reciprocal projects to 
the medial amygdala, and projects directly to the MPN mag (Scalia and Winan, 1975; 
Davis et al 1978; Kevetter and Winans 1981).  However, the MeA was chosen to begin 
are exploratory studies due to the MeA playing a more critical role in male sexual 
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behavior; lesioning of the MeA eliminates both copulation and interrupts anogenital 
investigation, whereas lesions of the stria terminalis only alters the temporal sequence  
involved in mating behavior (Lehman et al 1983).  In addition the apposition of the 
BNST and the MPN mag would provide further complications for studies wishing to 
analyze the BNST in isolation. 
Determining the site of gonadal steroid action 
 The study in chapter 3 demonstrated that fluctuations in circulating testosterone 
can induce structural changes in presynaptic boutons in the MPN mag, projecting from 
the MeA.  As castration reduces systemic testosterone levels, affecting the entire brain, 
we could not determine where the gonadal steroids were acting to induce these synaptic 
changes.  In order to further characterize the mechanism of gonadal steroid regulation of 
presynaptic bouton structure the study discussed in chapter 4 examined whether the 
genomic actions of gonadal steroids in the MeA affect the structure of presynaptic 
boutons in the MPN mag.  The inhibition of gonadal steroid receptors in the MeA does 
not appear to regulate presynaptic bouton density or volume, thus suggesting that gonadal 
steroids may be influencing the size and number of presynaptic boutons locally within the 
MPN mag.   
The classical mechanism of gonadal steroid action is through nuclear transcription 
factor receptors (Nelson, 2005).  This genomic mechanism of gonadal steroid action 
involves the binding of the steroids to its cytoplasmic receptor, followed by the 
movement of the ligand bound receptor into the nuclear compartment and the binding of 
the steroid/receptor complex to specific response elements in the promoter region of 
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hormone-responsive genes (Georget, Lobaccaro et al. 1997; Tyagi, Lavrovsky et al. 
2000).  It was therefore originally assumed that the regulation of pheromone-induced 
neuronal stimulation of the MPN mag occurs due to this classical genomic hormone-
steroid mechanism.  Our unexpected finding of the colocalization of androgen receptors 
(AR) with presynaptic boutons in the MPN (Fig 5-1), suggests another possibility.  It 
seems unlikely that ARs localized in boutons represent a pool of receptors that 
translocate to the nucleus, as the receptors would have to be actively transported long 
retrograde distances down the axon in order to perform genomic functions in the cell 
soma.   Reports in the hippocampus claim that estrogens have an effect on synaptic 
physiology and intracellular signaling that occur too rapidly to involve changes in gene 
expression and that the gonadal steroid receptors at or near synapses are involved in non-
genomic hormone-induced dendritic spine plasticity (Wong and Moss 1992; Gu and 
Moss 1996; Foy, Xu et al. 1999; Toran-Allerand, Guan et al. 2002).  It therefore seems 
more likely that these bouton-localized ARs in the MPN are actively involved in a non-
genomic mechanism in that the steroid-receptor complex may modify bouton structure or 
function via direct effects on the presynaptic membrane or by transcriptional effects on 
mitochondrial genes found within the presynaptic boutons themselves.  Axonal ARs, in 
bone tissue, have been associated with anti-apoptotic effects that are not dependent on 
nuclear transcriptional activity, but rather through their non-genomic interaction with 
signal transduction pathways (Toran-Allerand 2000; Toran-Allerand, Guan et al. 2002).  
This could suggest that bouton-localized ARs in the MPN may play a role in the overall 
support and maintenance of synaptic networks.  In addition, mitochondrial genes have 
been identified that are regulated by testosterone and have functional androgen response 
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elements (Cornwall, Orgebin-Crist et al. 1992; Juang, Costello et al. 1995).  
Mitochondria are critical for the mobilization of the synaptic vesicle pool and increased 
energy generated by mitochondria increases reserve pool vesicle mobilization thereby 
increasing synaptic transmission (Guo, Luttrell et al. 2000; Stowers, Megeath et al. 2002; 
Verstreken, Ly et al. 2005).  Androgen-AR complexes have also been reported to induce 
the rapid activation of kinase-signaling cascades and increase intracellular free Ca
2+
 
concentrations thereby playing a critical role in many physiological activities including 
neurotransmission (Berridge 1998; Guo, Benten et al. 2002).   
These presynaptic actions of ARs could be involved in the gonadal steroidal 
regulation of pheromone-induced neuronal stimulation of the MPN mag.  DonCarlos et 
al. (2003) reported abundant AR-immunoreactivity in forebrain axons in gonadally intact 
male rats but extremely rare labeling in castrated animals, suggesting that the presence of 
AR in axons depends upon gonadal hormone exposure.  Whether presynaptic AR 
expression in boutons located in the MPN is testosterone dependent or whether they have 
the suggested capacity to regulate synaptic structure and functions is unknown, but this is 
now a possibility that must be explored in light of the present findings. 
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Fig 5-1: Z stack (10 µm depth) confocal image of PG21 labeled androgen receptors (red) 
and BDA labeled MeA boutons (green) colocalized (yellow) in the MPN, with z-plane 
projection displayed below merged image.  Counterstained with propidium iodide. Scale 
bar = 5 µm. 
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 Cell division and DNA synthesis fluctuate with the light/dark cycle in many 
mammalian peripheral tissue types such as liver, skin, and intestinal epithelium, 
suggesting that the timing of mitosis and cellular proliferation in these tissues exhibit a 
circadian rhythm [3,4,7,16,18]. The subgranular zone (SGZ) of the dentate gyrus of the 
hippocampus is also a prime source of central cellular proliferation in the adult mammal 
[1]. However, attempts to identify diurnal rhythms of cell proliferation in this region have 
generated 29 conflicting findings. Evidence for daily variations in neuronal mitosis and 
proliferation has been described in invertebrates. Studies 31 in the lobster show a peak in 
neuronal proliferation near the time of dusk [8], but whether similar fluctuations occur in 
mammals is 33 unclear. Some studies in the adult rat have found an increase in cell 
proliferation during the light phase of the light/dark cycle in 35 the dentate gyrus [9]; 
while others have failed to find a significant variation in this region [2]. Studies in mice 
have shown a highly 37 significant variation in cell proliferation across the day in the 
hilus, but not in the subgranular zone [13,22].  
 A possible reason for these discrepant findings could be due to differences in the 
time of sacrifice following the injection of BrdU (5-bromo-2-deoxyuridine), a marker for 
cell proliferation. For example, some studies counted cells 2 h after BrdU injections 
while others waited 24 h before sacrifice [3,10,11,15,23]. BrdU is available for uptake for 
2 h after systemic injection and any further increases in the number of labeled cells 
following this 2 h period would be due to the division of the already labeled cells during 
an expansion phase [5,12,17,20,21]. Therefore any differences in cell count occurring 
after the initial 2h period may reflect differences in the expansion phase rather than initial 
cell proliferation.  
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Additionally, the differential results may be due to the time of sacrifice following 
the injection of BrdU. Studies examining the dynamics of cell proliferation in the dentate 
gyrus of mice show that the number of cells labeled with BrdU, increases linearly with a 
constant and steady expansion in labeling occurring between 24 and 72 h, resulting in an 
overall threefold increase peaking 3 days after a single BrdU injection [5,11,20]. As the 
majority of the research includes data from animals sacrificed 24 h after BrdU exposure 
the question remains as to whether the proliferation occurring during the expansion phase 
shows diurnal variation.  
The goal of this study was to determine whether the time of day affects the 
number of BrdU labeled cells under long day conditions (14:10 L/D) at 24 h and 3 days 
following the systemic injection of BrdU within adult male Syrian hamsters. We 
examined fluctuations in overall cytogenesis by comparing the number of BrdU+ cells in 
the subgranular zone of the SGZ of the dentate gyrus of animals receiving a single 
injection of BrdU (300 mg/kg) either at the end of the light phase (ZT-13) or at the end of 
the dark phase (ZT-23) of the light/dark cycle. The results of our study suggest that time 
of day does not affect cellular proliferation 24 h following BrdU exposure. However 72 h 
following BrdU injection, the expected increase in cell labeling is not seen in the cell 
population injected at the end of the dark cycle, suggesting either cellular proliferation or 
cell death occurring during the expansion phase varies across the light/dark cycle during 
long-day conditions. 
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All protocols were conducted in accordance with the National Research Council 
Guide for the Care and Use of Laboratory Animals and were reviewed and approved by 
the Animal Care and Use Committee at Lehigh University. 
Hamsters are excellent subjects for the study of circadian rhythms, due to the 
precise nature of their activity rhythms [6,25]. Hamsters are photoperiodic and a 12:12 
L/D cycle can be interpreted as either a long or short photoperiod so that in some animals 
the reproductive system will begin to regress while in others it remains active. In order to 
reduce photoperiod ambiguity the present study uses adult male Syrian hamsters 
maintained on long-days (14:10 L/D) [6]. 
A total of 12 male Syrian hamsters (Mesocricetus auratus) ranging from 121 to 
130 days old, were used in this experiment. Syrian hamsters were maintained on a 14:10 
light-dark cycle (lights turning on at 9:00 h and off at 19:00 h EST), where ZT-0 
corresponds to the start of the light period and ZT-14 corresponds to the start of the dark 
period. All were group housed (2–3 per cage) in a large cage (45 cm×24 cm×20 cm) 
containing only the animals and sawdust bedding (3m3),with ad libitum access to food 
and water located on the wire cage top. These conditions were maintained for at least 2 
weeks prior to injection, to ensure that the animals were entrained to the light/dark cycle. 
All animals were serviced at the same time of day, however, the time of day chosen for 
maintenance varied from day to day, but always occurring within the first 5 h of the light 
cycle. 
Animals were divided into two groups that received a single intraperitoneal 
injection of the thymidine analog, 5-bromo-2-deoxyuridine (BrdU, Sigma–Aldrich, 
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300mg/kg) at either ZT-13 (end of light period, 1 h prior to “lights off”, n = 6), or ZT-23 
(end of dark period, 1 h prior to “lights on”, n = 6), animals housed within the same cage 
were in the same BrdU injection time group. Previous research has demonstrated that 
these time points showed the lowest and highest number of proliferating cells, 
respectively, in the hippocampus of the rat across the light/dark cycle [9]. The animals in 
this study were perfused 24 h following BrdU injection. 
A total of 10 male Syrian hamsters ranging from 87 to 158 days old (with the age 
counterbalanced across all groups, mean age/group = 123 days old) were used in this 
experiment. The environmental conditions for this experiment were identical to the 
conditions in Experiment 1.   
Animals were divided into two groups that received a single intraperitoneal 
injection of BrdU (Sigma–Aldrich, 300mg/kg) at either ZT-13 (n = 5), or ZT-23 (n = 5). 
The animals in this study were perfused 72 h following BrdU injection.    
Animals were deeply anesthetized (Pentobarbital 180mg/kg) and perfused 
transcardially with 0.1M PBS followed by 4% paraformaldehyde in PBS. Brains were 
postfixed in 4% paraformaldehyde in PBS for 24 h and stored in 30% sucrose and 0.01% 
thimerosal at 4 
o
C until sectioned. Each brain was frozen and cut into 40 µm coronal 
sections on the freezing stage of a sliding microtome. Sections were stored in PBS and 
thimerisol until processed for immunolabeling as described below. 
To visualize BrdU, Immunocytochemistry was performed simultaneously on the 
sections from the two different time points to ensure the reliability of comparisons across 
groups. To visualize BrdU labeling in Experiment 1, a one-in-six series of sections were 
113 
 
pretreated with hydrogen peroxide (1% H2O2 for 2min) in order to eliminate endogenous 
peroxidase. DNA denaturing consisted of incubating the tissue in HCl (1N) for 10min on 
ice to break open the DNA structure of the labeled cells. This was followed by HCl (2N) 
for 10 min at room temperature before moving the tissue to an incubator for 20 min at 37 
o
C. Immediately after the acid washes, Borate buffer (0.1M) was added to buffer the cells 
for 12 min at room temperature. Free-floating sections were incubated with 1% Triton X-
100 (0.1MPBS, pH= 7.4) solution containing rat anti-BrdU antibody (1:7500; Abcam 
Inc., Cambridge, MA). Sections were incubated overnight at room temperature. After 
incubation with the primary antibodies, the sections were rinsed with PBS and 
subsequently incubated in a biotinylated donkey anti-mouse IgG (1:600; Jackson 
Immunoresearch, Westgrove, PA) secondary antibody for 1 h at room temperature. 
Sections were then incubated for 1 h, at room temperature, in an avidin–biotin complex 
(1:100; Vector Elite) and subsequently developed with a SG complex (Vector Labs, 
Burlingame, CA). Absence of the primary antibody resulted in an absence of specific 
nuclear staining. Sections were counterstained with Vector Nova Red to aid in the 
identification of cells with punctuated BrdU labeling.  
All sections were analyzed with a Nikon Eclipse E800 microscope with a Nikon 
DS-Fi1 digital camera attached using a 60× objective and the optical fractionators method 
(Stereo Investigator software). The dissector height was 5µm with a top guard of 2µm 
and a counting frame of 100 µm × 100 µm within a 200×200 sampling frame. The 
estimates of the number of cells were expressed using the Gundersen coefficient of error 
(CE). The stereological sampling scheme was considered adequate when CE was less 
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than 0.10 [24]. Resulting numbers were summed across hemispheres and multiplied by 6 
to obtain the estimated total number of BrdU cells per animal.  
Prior research has shown that most BrdU labeling occurs in the septal (dorsal) 
portions of the dentate gyrus [11], therefore our study examined only the dorsal portion 
of the hippocampus. The dorsal dentate gyrus was defined using the criteria of Guzmám-
Marín et al. [10]. Briefly, the rostral boundary corresponded with the first appearance of 
the granule cell layer of the dentate gyrus and the caudal boundary was defined by the 
appearance of the region where CA2 and CA3 pyramidal cell layers coalesce into a 
continuous layer in the coronal plane; there were eight 40 µm sections per animal.  
For analysis, every sixth section (240 µm apart) was stained for BrdU. BrdU-
positive cells were counted throughout the subgranular layer (SGL) of the dorsal dentate 
gyrus; cells located three or more cell body widths from the edge of the SGL were 
considered to be in the hilus and were not included in this study.  
In order to rule out the possibility that the differences in cell count among groups 
were due to differences in volume, the volume was calculated using Stereo Investigator 
by summing the traced areas for each section, multiplied by the distance between 
sampled sections. All numerical analyses were performed using SPSS 16.0; cell counts 
were expressed as mean number (±S.E.) per group (BrdU injection at ZT-13 or ZT-23). 
The number of BrdU immunolabeled (BrdU+) cells per group was compared using an 
independent samples t-test for each experiment, with the null hypothesis rejected at the 
5% level of confidence.  
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BrdU+ cells were found in the SGZ of the dentate gyrus. An independent samples 
t-test failed to reveal a significant effect of time of day on cell proliferation in the SGZ of 
the dentate gyrus 24 h after each injection of BrdU (Fig. 5-1).  
In contrast to the results of the first experiment, time of day of sacrifice had a 
significant effect three days following BrdU exposure. The total number of BrdU+ cells 
quantified at ZT-13 (end of light period) and ZT-23 (end of dark period) differed 
significantly (P < .01, t = 3.48, df = 1). Animals exposed to BrdU at ZT-13 (end of light 
period) showed significantly higher number of BrdU+ cells in the SGZ of the dentate 
gyrus than those that were exposed at the end of the dark period (Fig. 5-1). 
This study conclusively demonstrated that cellular proliferation fluctuated across 
the light/dark cycle during the expansion phase, but not during initial cellular 
proliferation, in the SGZ of the dentate gyrus of the adult male Syrian hamster. In 
agreement with previous studies in mice, we found a twofold increase in BrdU+ cells 
between 24 h and 3 days following a single, systemic injection [20]. However, the 
increase was only seen when injections were given at the end of the light phase of the 
light/dark cycle and not when they were given at the end of the dark phase. This suggests 
that the processes regulating the expansion and/or mediating cell survival differ at 
different times. The timing of the increase of BrdU+ cell number is in agreement with rat 
studies where a peak in proliferation was also seen at the end of light phase of the 
light/dark cycle [9]. 
The surprising finding was the lack of cellular expansion in the cellular 
population injected at the end of the dark cycle, the cause of which is unknown. This 
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finding suggests that mitosis during the expansion phase in the SGZ of the dentate gyrus 
is likely influenced by the circadian system. Possible explanations for this lack of cellular 
expansion could be a decrease in proliferation in the population injected at the end of the 
dark cycle, increased cell death in that same population, or increased proliferation in the 
end of light population. It would be interesting to further investigate whether this 
difference in BrdU+ cell number is due to the differential rate of cell loss and/or an 
enhanced survival of cells across the day. 
Although a difference in cellular proliferation has been found in this study, the 
two time points studied provide minimal information about the effects of time of day or 
circadian processes on the expansion of proliferating cells. While these findings could be 
the result of an endogenous oscillator they also could be passively driven by other events 
that are more tightly tied to the circadian system. Activity, for example, has been shown 
to promote cell proliferation [23,25]; hamsters begin activity, such as wheel  running, 
within 15min of the beginning of the dark period and continue throughout the entire dark 
cycle [25]. Whether this activity accounts for the differences in cell proliferation at the 
end of the two examined time points is currently unknown. Hamsters also consume most 
of their food at the onset of darkness [25], and food intake has also been shown to affect 
the timing of neuronal mitosis [8], affecting the differential labeling effect. Additional 
parameters such as sleep and growth factors could also play a role. Studies have shown 
that sleep deprived rats show a marked decrease in neurogenesis in the dentate gyrus, 
suggesting that sleep during the light period is important for cell proliferation in 
nocturnal animals [10] (See Meerlo et al. for a review of sleep deprivation studies [15]). 
Growth factors have been shown to help maintain the newborn population of neuronal 
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cells in the hippocampus [19]. Since many growth factors, such as epidermal growth 
factor (EGF), not only promote neurogenesis [14] but also show diurnal fluctuations with 
a peak in expression during the second half of the light phase in nocturnal animals, it is 
possible that both factors contributed to the diurnal proliferation during the expansion 
phase. Clearly, further investigation is necessary to identify the regulating factors of this 
diurnal variation. 
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Fig. 5-1  Cellular proliferation in the subgranular zone of the adult male Syrian hamster.  
BrdU labeling (black) 3 days following injection in a population of cells (A) injected at 
ZT-13, or (B) injected at ZT-23 (B), nissl-staining (purple).  (C) Mean ± number of 
BrdU-positive cells 24 hours and 3 days after BrdU injection, at two different time points 
(ZT-13 = end of light period; ZT-23 = end of dark period). *, P < 0.01.  Scale bar: 5µm. 
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